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vRe´sume´ en franc¸ais
Plus de cent ans apre`s le de´but de la re´volution quantique, le 4 juillet 2012, les collab-
orations ATLAS et CMS ont annonce´ l’observation d’une particule massive au LHC,
le grand collisionneur de hadrons installe´ au CERN, avec une masse de l’ordre de 125
GeV. Cette particule, connue sous le nom de boson de Higgs, est la pierre angulaire et la
dernie`re pie`ce manquante du mode`le standard de la physique des particules, associant
la relativite´ restreinte et la me´canique quantique au sein d’une the´orie moderne des
interactions fortes, faibles et e´lectromagne´tiques. Tout en faisant face a` une ple´thore
de tests expe´rimentaux au cours des dernie`res de´cennies, le mode`le standard fournit
toujours une description pre´cise de la physique en dessous de l’e´chelle atomique en
permettant de pre´dire la constante de structure fine avec une pre´cision relative incroy-
able de ∼ 10−10, probablement la quantite´ physique la plus pre´cise jamais de´termine´e
dans l’histoire de la science.
A` l’autre extre´mite´ des distances physiques, la dynamique des structures a` grande
e´chelle de l’univers compose´es de galaxies et d’amas de galaxies est re´gie par les lois
de la relativite´ ge´ne´rale, la the´orie ge´ome´trique de la gravite´ e´labore´e par Albert
Einstein au de´but du XXe sie`cle. Des mesures cosmologiques re´centes ont permis
de de´terminer la densite´ en matie`re-e´nergie de l’univers, intimement connecte´e a` la
structure ge´ome´trique de l’espace-temps selon la relativite´ ge´ne´rale. Le re´sultat est
frappant. 70 % de la densite´ d’e´nergie de l’univers est repre´sente´ par un terme cos-
mologique dans les e´quations d’Einstein appele´ e´nergie sombre, les 30% restants sont
compose´s de matie`re non-relativiste avec seulement 5 % de matie`re baryonique or-
dinaire, que l’on peut directement observer. Environ 25% du budget e´nerge´tique de
l’univers se pre´sente sous la forme d’une composante invisible appele´e matie`re noire.
Cent ans apre`s la formulation de la relativite´ ge´ne´rale, l’une de ses plus importantes
pre´dictions, l’e´mission d’ondes gravitationnelles par des syste`mes binaires d’objets as-
trophysiques compacts, a e´te´ de´tecte´ pour la premie`re fois par les collaborations LIGO
et VIRGO confirmant la the´orie relativite´ ge´ne´rale en tant que description pre´cise des
interactions gravitationnelles a` ces e´chelles.
Cependant, le tableau dans sa globalite´ n’est pas complet, car une formulation
quantique de tels effets gravitationnels n’est pas inte´gre´e dans le mode`le standard. Par
conse´quent, la nature myste´rieuse de l’e´nergie sombre et de la matie`re noire repre´sente
l’un des plus grands de´fis de la physique moderne pour le sie`cle a` venir. La question de
la matie`re noire est en fait un proble`me de longue date qui a intrigue´ les astronomes
au cours du sie`cle dernier et la solution la plus commune a` cette proble´matique de sub-
stance invisible consiste a` invoquer des particules exotiques pre´sentes dans les grandes
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structures astrophysiques et peuplant l’univers. Une solution possible pour expliquer
l’abondance de telles particules est de supposer que la matie`re sombre est constitue´e
de particules massives a` interaction faible (WIMP) jadis en contact thermique avec le
plasma primordial constitue´ de particules du mode`le standard qui se sont de´couple´es
a` un stade pre´coce de l’univers.
La premie`re partie de cette the`se est de´voue´e a` l’introduction de certains e´le´ments
the´oriques ne´cessaires pour comprendre comment la combinaison des observations cos-
mologiques, y compris (entre autres) les e´tudes du fond diffus cosmologique, les super-
novae distantes, de grands e´chantillons d’amas de galaxies, les mesures d’oscillation
acoustique baryonique et les lentilles gravitationnelles ont fermement e´tabli le mode`le
standard de la cosmologie qui comprend une nouvelle forme de matie`re a` de´couvrir,
la matie`re noire, qui repre´sente environ 85% du contenu en matie`re de l’univers et
environ 27% du budget e´nerge´tique global.
Dans cette the`se, nous avons passe´ en revue les fondements the´oriques du paradigme
WIMP en tant que solution attrayante a` cette proble´matique de masse invisible,
qui sugge`re de manie`re e´le´gante une correspondance entre l’abondance de la matie`re
noire calcule´e a` partie d’un mode`le et sa valeur effectivement observe´e. L’avantage
majeur de ce type de constructions et qu’elles ne ne´cessitent que peu d’hypothe`ses
majeures, le contact thermique primordial entre le secteur sombre et le bain ther-
mique du mode`le standard ainsi que supposer que les parame`tres de masse et sec-
tions efficaces d’annihilation des particules de matie`re noire sont typiquement de
l’ordre de grandeur e´lectrofaible du mode`le standard. En conse´quence, des re´alisations
concre`tes de mode`les WIMP ont e´te´ de´veloppe´es dans diffe´rents cadres BSM (”Beyond
the Standard-Model”), accessibles a` plusieurs strate´gies de recherche telles que les
recherches directes, indirectes et aupre`s de collisionneurs de particules dont le statut
actuel et les perspectives ont e´te´ discute´s.
En particulier, la premie`re partie de cette the`se a porte´ sur l’e´tude de constructions
de mode`les simplifie´s de WIMPs, a` savoir le portail Higgs et le portail Z, et nous en
avons conclu que ces mode`les seront largement exclus, a` l’exception du cas ou` la matie`re
noire est une particule fermionique avec seulement des couplages axiaux avec le boson
Z (par exemple, dans le cas d’un fermion de Majorana), en l’absence de signaux dans la
prochaine ge´ne´ration d’expe´riences de de´tection directe. La tension avec les contraintes
de de´tection directes peut eˆtre relaxe´e par exemple en introduisant un me´diateur BSM
scalaire s-channel. Cependant, l’introduction d’un tel degre´ supple´mentaire de liberte´
semble assez artificielle et pourrait ne´cessiter une motivation the´orique pour le justifier
dans le cas d’une the´orie minimaliste.
Le cadre BSM des syme´tries de jauge e´tendues est bien adapte´ au paradigme WIMP,
car la stabilite´ de la matie`re noire et l’origine du me´diateur peuvent naturellement ap-
paraˆıtre dans de telles constructions. Nous avons e´tudie´ des mode`les spe´cifiques dans
lesquels la relation entre un candidat de matie`re noire vectoriel et le champ de jauge
massif d’un nouveau groupe de syme´trie BSM brise´ Z ′ est me´die´e par un couplage de
Chern-Simons (CS), dont l’origine est motive´e par des me´canismes d’annulation des
vii
Figure 1 – Illustration du portail Higgs et Z dans le plan ou l’axe des ordonne´es
repre´sente le couplage matie`re noire au mediateur et les ordonne´es la masse des
particules de matie`re noire dans le cas d’un candidat fermionique. Les courbes en
rouge repre´sentent l’espace des parame`trs compatibles avec les mesures de Planck de
la densite´ produite de matie`re sombre. La re´gion en bleu est exclue par les limites
actuelles de de´tection directe. Les re´gions en magenta et violet seront exclues en
l’absence d’observation de signal de la part des expe´riences XENON1T et LZ. La
re´gion en marron est exclue par la mesure pre´cise du temps de demi-vie du
me´diateur dans chaque cas.
anomalies chirales. En particulier, nous avons explore´ la possibilite´ de connecter le Z ′
au mode`le standard via un terme de me´lange cine´tique avec le champ d’hypercharge
B ainsi que la possibilite´ d’avoir un second terme de type CS impliquant le Z ′ et le
champ d’hypercharge. Nous avons effectue´ une analyse phe´nome´nologique comple`te
de tels mode`les et propose´ un cadre pour la ge´ne´ration du couplage de Chern-Simons
a` partir d’un mode`le UV complet ainsi qu’une origine radiative du me´lange cine´tique.
Les re´sultats expe´rimentaux actuels et futurs favoriseraient une valeur du couplage
CS difficile a` expliquer par une origine radiative sauf si plus de familles de fermions
BSM sont inclus ou dans le cas ou` les couplages forts sont conside´re´s. L’origine ra-
diative du me´lange cine´tique entre le candidat matie`re noire vectoriel et le me´diateur
pourrait eˆtre e´vite´e, afin de garantir la stabilite´ de la matie`re noire, en choisissant de
manie`re approprie´e l’assignation de charge des fermions lourds, mais serait assez artifi-
cielle. L’analyse phe´nome´nologique de ces mode`les a montre´ la possibilite´ d’expliquer
l’origine de la densite´ de matie`re noire dans notre univers base´e sur le me´canisme
WIMP. Cependant, une analyse the´orique plus de´taille´e base´e sur l’ache`vement ultra-
violet de ces conside´rations a montre´ que l’espace parame´trique viable compatible avec
l’e´nonce´ pre´ce´dent ne´cessiterait un ajustement fin des parame`tres de la the´orie.
Dans le chapitre suivant, nous avons examine´ un mode`le savoureux, ou` une qua-
trie`me famille de VLF (”vector-like fermions”) est introduite et charge´e sous une
syme´trie supple´mentaire U(1)′, en tant que solution possible aux anomalies de la
saveur associe´es a` l’observable RK(∗) constate´e par l’expe´rience LHCb au cours des
dernie`res anne´es. Le boson massif Z ′ associe´ a` cette syme´trie de jauge brise´e joue le
roˆle de me´diateur entre le mode`le standard et les particules de matie`re noire, c’est-a`-
dire le neutrino droit singulet de la quatrie`me famille de LVF. En l’absence de me´lange
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Figure 2 – Re´sume´ de toutes les contraintes dans l’espace des parame`tres pour une
masses MZ′ = 500 GeV on the left et pre´dictions compte tendu de la future sensibilite´
de collisioneurs a` haute luminosite´ et futures expe´riences de de´tection directe.
entre les quatre diffe´rentes familles de fermions, le Z ′ est fermiophobe, sans couplage
aux trois familles chirales, mais se couple a` une quatrie`me famille de type vecteur. La
pre´sence de couplages de Yukawa entre certains nouveaux scalaires singlets charge´s
sous le groupe de syme´trie U(1)′ et les quatre familles de fermions induit un me´lange
entre ge´ne´rations. De tels effets de me´lange induisent des couplages du Z ′ avec les dou-
blets de lepton gauches de la deuxie`me famille et les doublets de quark gauches de la
troisie`me famille. Ce mode`le peut simultane´ment expliquer les ratios anomales associe´s
a` la de´sinte´gration des me´sons B par l’observable RK(∗) et expliquer l’abondance de
matie`re noire dans notre univers. Face a` une ple´thore de contraintes lie´es a` la physique
des saveurs, aupre`s des collisionneurs et de recherche sur la matie`re noire, cette analyse
sugge`re un espace particulier des parame`tres viable ou` le me´diateur posse`de une masse
de l’ordre de 500 GeV. La feneˆtre autorise´e peut eˆtre encore re´duite par de meilleures
mesures de pre´cision du processus de production νµ + N → µ+ + µ− + νµ + N , et en
conside´rant les ame´liorations futures de la de´termination de la diffe´rence de masse des
me´sons Bs. La gamme expe´rimentalement favorise´e des masses et des couplages de
matie`re noire pourrait eˆtre teste´e par la future ge´ne´ration d’expe´riences de de´tection
directe.
Des me´canismes de production alternatifs de la matie`re sombre ont e´te´ discute´s
dans la troisie`me partie de cette the`se, tels que les me´canismes SIMP (”Strongly In-
teracting Massive Particles”) et ELDER (ELastic Decoupling Relic). Dans ce type
de me´canisme, le roˆle des interactions au sein du secteur sombre ainsi que l’effet d’un
de´couplage pre´coce entre la matie`re noire et le bain thermique du mode`le standard
impliquent une phe´nome´nologie un peu diffe´rente du cas WIMP. En particulier, de
tels cadres offrent la possibilite´ d’avoir une section efficace d’auto-interaction de la
matie`re noire capable d’atte´nuer les tensions entre des observations astrophysiques et
les simulations a` N-corps base´es sur une cosmologie ΛCDM. Dans cette the`se, nous
avons conside´re´ une re´alisation explicite du me´canisme SIMP sous la forme de SIMP
vectoriels re´sultant d’une the´orie de jauge non-abe´lienne SU(2)X , ou` la ”custodial
symmetry” accidentelle assure la stabilite´ des particules de matie`re sombre. Nous
avons propose´ plusieurs manie`res d’e´quilibrer cine´tiquement les secteurs sombres et
visibles dans ce contexte. En particulier, nous avons montre´ qu’un portail avec le
Higgs sombre, responsable de la brisure de la syme´trie non abe´lienne cache´e, pou-
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vait maintenir l’e´quilibre thermique entre les deux secteurs, de meˆme qu’un portail
vectoriel sombre massif se me´langeant cine´tiquement avec l’hyperchage, avec des cou-
plages Chern-Simons ge´ne´ralise´s aux SIMP vectoriels, tout en restant cohe´rent avec
les contraintes expe´rimentales actuelles.
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Figure 3 – Espace des parame`tres viable dans le cas d’un portail avec le Higgs
sombre, dans le plan angle de me´lange avec le Higgs VS masse du higgs sombre, a`
gauche et dans le cas d’un portal avec le Z ′ a` droite, dans le plan couplage du
me´lange cine´tique en fonction de la masse du Z ′
Dans le dernier chapitre, nous avons discute´ la possibilite´ de produire la matie`re
noire de manie`re non-thermique a` partir de l’annihilation ou de la de´sinte´gration de
particules en contact avec le bain thermique du mode`le standard. En particulier, nous
avons e´tudie´ le cas ou` un messager de spin 2 massif peut jouer efficacement le roˆle de
portail entre les secteurs sombre et standard. Dans une grande partie de l’espace des
parame`tres compatible avec l’exigence de produire la bonne densite´ relique, la pro-
duction par e´change d’un me´diateur de spin 2 massif domine les processus impliquant
un graviton. Nous avons e´tudie´ l’impact de l’e´tape de re´chauffement primordial de
l’univers (”reheating”) sur la production de la matie`re noire, et nous avons montre´
que nos re´sultats sont grandement influence´s par la prise en compte des effets de
re´chauffage non-instantane´. Non seulement nous constatons une augmentation des
facteurs de production en raison de la grande de´pendence en la tempe´rature du taux
de production, mais nous avons ont e´galement montre´ que la pre´sence d’un me´diateur
avec une masse de l’ordre de la tempe´rature de re´chauffage pourrait ame´liorer con-
side´rablement la production en raison des effets de re´sonance de la particule massive
de spin 2.
xLe travail pre´sente´ dans cette the`se visait a` aborder l’une des questions ouvertes
de la physique moderne en ce qui concerne notre compre´hension des lois fondamen-
tales de la nature. La nature pre´cise de la matie`re noire reste encore inconnue a`
ce jour, mais il est clair que la plupart des mode`les WIMP seront teste´s au cours
des prochaines de´cennies. Cette the`se a mis en e´vidence le roˆle de´terminant de la
prochaine ge´ne´ration d’expe´riences de de´tection directe et indirecte de matie`re som-
bre, et sa comple´mentarite´ avec des conside´rations the´oriques concernant cette grande
e´nigme qu’est la pre´sence de matie`re noire dans notre univers.
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Introduction
More than one hundred years after the beginning of the quantum revolution, on the
4th of July 2012, the ATLAS and CMS collaborations announced the observation of a
massive particle at the Large Hadron Collider with a mass of the order of 125 GeV.
This particle, known as the Higgs boson, is the cornerstone and last missing piece
of the Standard Model of particle physics, bringing together special relativity and
quantum mechanics in the modern theory of the strong, weak and electromagnetic
interactions. While facing a plethora of experimental tests over the past decades, the
Standard Model still provides an accurate description of physics below the atomic
scale by allowing to predict the value of the fine structure constant with an incredible
relative precision of ∼ 10−10, probably one the most precise quantity ever determined
in the history of science.
On the other extremity of physical distances, the dynamics of large scale structures
of the universe which are composed of galaxies and galaxy clusters, is governed by
the laws of General Relativity, the geometrical theory of gravity elaborated by Albert
Einstein at the beginning of the twentieth century. Recent cosmological measurements
allowed to determine the matter-energy density of the universe, related to the geomet-
rical structure of space-time according to General Relativity. The outcome is striking.
70% of the energy density of the universe is represented by a cosmological constant
term in Einstein’s equations known as Dark Energy, the remaining 30% is composed
of non-relativistic matter with only 5% of ordinary baryonic matter. Around 25% of
the energy budget of the universe lies in the form of an invisible component called
Dark Matter. One hundred years after the formulation of General Relativity, one of
its greatest predictions known as gravitational waves were detected for the first time
by the LIGO and VIRGO collaborations confirming General Relativity as an accurate
description of gravitational interactions.
However, the overall picture is not complete as a quantum formulation of such gravi-
tational effects is not embedded in the Standard Model. Therefore, the obscure nature
of Dark Energy and Dark Matter represents one of the strongest challenges of physics
for the upcoming century. The Dark Matter issue is in fact a long-standing problem
that has puzzled astronomers for the past century and the most common solution to
this invisible substance issue is to invoke exotic particles present in large astrophysical
structures. A possible solution to account for the abundance of such particles is to
assume that the Dark Matter is made of Weakly Interacting Massive Particle (WIMP)
formerly in thermal contact with the primordial plasma made of Standard Model par-
ticles that decoupled as some early stage of the universe.
In the first part of this thesis, we present the theoretical elements and experimental
arguments required to understand the Dark Matter conundrum in its global picture.
xvi Contents
In a second part we attempt to tackle this issue by investigating beyond-the-Standard-
Model realizations of the WIMP paradigm in the context of simplified models and in
extended gauge structure models. In a last part we discuss alternative density produc-
tion mechanisms and explore specific realizations. The appendices provide technical
details regarding some computations performed in this work. The work presented in
this thesis is based on the following publication list.
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The statement that a dark component is present in our universe is a conclusion of
modern cosmology, a field that has been developed for the last century, which is based
on many complex observations. In this chapter we present the basic tools required
to describe our universe as a whole. We start by briefly describing the theory of
General Relativity, emphasizing the connection between the matter-energy content
of the universe to its geometrical structure, before deriving the conclusion that our
universe is expanding and based on recent Supernovae results, that this expansion is in
fact accelerating. In a second part, we give a qualitative description of the important
stages in the history of the universe and we introduce thermodynamics quantities and
tools, relevant in the context of Dark Matter phenomenology.
1.1 The expanding universe
1.1.1 Elements of General Relativity
The theory of General Relativity (GR) was elaborated at the beginning of the twentieth
century and achieved in 1915 by the famous physicist Albert Einstein. This theory
relates in a elegant formulation the geometry of a curved space-time to its matter and
energy content through the Einstein’s equation. In order to deal with distances in
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a curved space-time one has to introduce the metric tensor gµν related to a frame-
invariant line element:
ds2 = gµν dxµ dxν . (1.1)
In general relativity, the equations of motion (called the geodesic equations) are ex-
pressed as a function of the metric tensor and its derivatives through the Christoffel
symbol
Γλµν =
1
2g
λσ(∂µgσν + ∂νgµσ − ∂σgµν) . (1.2)
and take the following form
d2xµ
dλ2 + Γ
µ
αβ
dxα
dλ
dxβ
dλ = 0 . (1.3)
where λ is an affine parameter of the trajectory, for instance the proper time. For a
non-relativistic particle propagating in a weak gravitational potential φ(x), dxα/dt '
(1, 0, 0, 0) and Γµ00 ' ∂φ/∂xµ, the geodesic equation is equivalent to Newton’s relation
d2~x
dt2 = −
~∇φ . (1.4)
In a more general case, Einstein’s equations can be derived from the Hilbert-Einstein
action using variational principle arguments
S = 116piGN
∫
d4x
√−g(R− 2Λ) + Smat , (1.5)
where g ≡ det(gµν), Λ is the so-called cosmological constant introduced to describe the
acceleration of the expansion of the universe as explained further on, GN is Newton’s
constant and Smat is the matter action. The quantity R is called the Ricci scalar and
can be expressed as a function of the Riemann tensor constructed from contractions
of Christoffel symbols
Rρλµν ≡ ∂µΓρλν − ∂νΓρλµ + ΓσλνΓρσµ − ΓσλµΓρσν . (1.6)
From the Riemann tensor we can construct the Ricci tensor Rµν contracted over two
Lorentz indices and the Ricci scalar R by taking the trace:
Rµν ≡ Rσµσν , R ≡ Rµµ . (1.7)
Minimizing the action δS = 0 leads to Einstein’s equations:
Rµν − 12gµνR + Λgµν = 8piGNTµν . (1.8)
Tµν is the energy-momentum tensor can be defined from the matter action:
Tµν ≡ − 2√−g
δSmat
δgµν
. (1.9)
The compact form of Eq. (1.8) shows through the quantites defined above how any
matter content, through the right-hand side, behaves in presence of curvature, through
the left-hand side, and reciprocally how some matter-energy content would affect back
the curvature of space-time. More than one hundred years after its formulation, the
theory of General Relativity is still standing while facing the tremendous amount of
data accumulated so far. Recently the collaborations LIGO and VIRGO detected
for the first time gravitational waves [13], one of the strongest prediction of general
relativity, ruling out some possible extensions of this elegant theory.
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1.1.2 Distances in the universe
The standard model of cosmology is based on the cosmological principle which states
that no observer occupies a preferred position in the universe and as a result, the
universe must be homogeneous and isotropic on very large scales. This is obviously
a strong assumption but the recent observations of the very large scale structures
(∼ 100 Mpc) of the universe and the almost homogeneous Cosmic Microwave Back-
ground (CMB) map suggest that this hypothesis is effectively verified in our universe.
Successively, several physicists derived the only possible form of the metric compatible
with the assumptions implied by the cosmological principle. Friedmann, Lemaitre,
Roberston and Walker in the 1920’s-1930’s showed that the metric, known as FLRW,
can be parametrized as
ds2 = dt2 − a2(t)
[ dr2
1− kr2 − r
2 dθ2 − r2 sin2 θ dφ2
]
, (1.10)
where a(t) is the scale factor describing how distances between two points at rest
with respect to each other evolves in time due to the expansion of the universe. k is a
parameter related to the intrinsic curvature of space and can take the following values:
k =

+ 1
0
− 1
universe positively curved : finite and closed
universe flat : infinite and open
universe negatively curved : infinite and open
(1.11)
A light-ray propagating in such a universe would feel a contraction or dilatation of
space by a factor a(t) and its wavelength would be affected by the same factor. There-
fore we define the redshift z as the ratio of the scale factor at the present time t0 over
the scale factor at some time of emission t
1 + z ≡ a(t0)
a(t) =
1
a
, (1.12)
where we used the standard convention a(t0) = 1. It is convenient to rewrite the
metric using the comoving coordinate χ(r) defined as
dχ ≡ dr√
1− kr2 , (1.13)
which takes the form:
ds2 = dt2 − a2(t)
[
dχ2 − r2(χ)(dθ2 + sin2 θ dφ2)
]
, (1.14)
where we have the following relation between r and χ depending on the curvature:
r(χ) = Sk(χ) ≡

sin(χ)
χ
sinh(χ)
if k = +1
if k = 0
if k = −1
(1.15)
One can define the comoving distance which corresponds to the distance traveled by
light from te to t0 using the condition satisfied for light-like trajectories ds = 0:
χ(te) =
∫ t0
te
dt′
a(t′) . (1.16)
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Similarly one can express the so-called conformal time η which is the total distance
traveled by light since t = 0 defined as
η(a) ≡
∫ t0
0
dt′
a(t′) =
∫ 1
a
da′
a′2H(a′) , (1.17)
where we introduced the expansion rate H(t) called the Hubble parameter defined as
H(t) ≡ a˙
a
. (1.18)
Two important distances, relevant in the context of cosmological observations, are
defined as follow1:
• The luminosity distance dL can be expressed as a function of the flux F observed
on a spherical shell at some distance dL of some object emitting light with an
intrinsic luminosity L at a given scale factor a as:
F ≡ L4pid2L(a)
. (1.19)
Using conservation of the total number of photons from the emission time to the
time of observation, the luminosity on the surface of a spherical shell located at
a scale factor a will be affected by a factor a2 and the physical distance to this
shell corresponds to the comoving distance χ(a) related to the observed flux:
F = La
2
4piχ(a)2 , (1.20)
corresponding to a luminosity distance that can be expressed as:
dL(a) =
χ(a)
a
. (1.21)
• The angular distance dA of an object relates its physical length D to its angular
size in the sky θ with the following definition:
θ ≡ D
dA(a)
. (1.22)
We can write the angular size as the ratio of the comoving length of the object
D/a to the comoving distance from the observer
θ = D/a
χ(a) , (1.23)
implying
dA(a) = aχ(a) . (1.24)
1These definitions hold for a flat universe k = 0. In a curved space, one has to redefine these
quantities with the substitution χ→ Sk(χ)
1.1. The expanding universe 7
1.1.3 The Hubble parameter and energy content
Following the cosmological principle, the energy-momentum tensor describing the cos-
mological fluid at large scales is the one of a perfect fluid with an equation of state
P = wρ where P is the pressure, ρ is the energy density and w a constant. The
energy-momentum tensor of a perfect fluid has the following form:
T µν = (ρ+ P )uµuν − Pgµν , (1.25)
where uµ is the four-velocity of the fluid. Using Einstein’s equations one can derive
the Friedmann equations
H2(t) = 8piGN3 ρ−
k
a2
+ Λ3 , (1.26)
a¨
a
= −4piGN3 (ρ+ 3P ) +
Λ
3 , (1.27)
A measurement of the value of Hubble parameter today from the CMB anisotropy
map by the Planck collaboration gives H0 = 67.27 ± 0.66 km s−1 Mpc−1 [14]. For
historical reasons it is convient to define the dimensionless parameter h as:
H0 ≡ 100 h km s−1 Mpc−1 , (1.28)
where the value of h is of the order of unity h ' 0.7. Using energy-momentum
conservation ∇µT µν = 0, we can derive the continuity relation expressing the time
evolution of the energy density and pressure of the fluid to the Hubble parameter
∂ρ
∂t
+ 3H(ρ+ P ) = 0 . (1.29)
Considering the universe in an adiabatic expansion, the relation d(ρa3) = −P d(a3)
holds and we can relate the evolution of the energy density of the fluid to the param-
eter w of the equation of state ρ ∝ a−3(1+w). One can show that for non-relativistic
matter (m) w = 0, leading to ρm ∝ a−3 where the numerical value of the exponent
”3” corresponds to the dilution of space dimensions. For relativistic matter (r), the
equation of state yields w = 1/3 implying ρm ∝ a−4, where one factor of 3 is due to the
space dilution and one factor of 1 for the redshift. In the case of an empty universe
(without any matter content), only the cosmological constant term will impact the
expansion of the universe with a parameter w = −1. We conveniently express the
energy density in units of the critical density defined as:
ρcrit ≡ 3H
2
8piGN
. (1.30)
The critical density corresponds to the energy density that the universe would possess
in case of a vanishing curvature k = 0. Then by further defining the cosmological
parameters Ωi
Ωi ≡ ρi
ρcrit
, ρk ≡ − 3k8piGNa2 , ρΛ ≡
Λ
8piGN
, (1.31)
8 Chapter 1. Modern Cosmology
and the total energy density of the universe
Ωtot =
∑
i 6=k
Ωi = 1− Ωk , (1.32)
one can rewrite the relation between the evolution of the Hubble parameter and the
several components of the total energy density in the form:
H(a) = H0
√
Ωm,0a−3 + Ωr,0a−4 + Ωk,0a−2 + ΩΛ,0 . (1.33)
This equation explicits the evolution of the scale factor with time depending on the
species dominating the energy density of the universe. For instance assuming that a
flat universe (k = 0) is dominated by a species with an equation-of-state parameter
w > −1, the scale factor will always be growing with time and the universe will expand
indefinitely:
a(t) ∝
 e
Ht
t2/3(1+w)
w = −1
w 6= −1 (1.34)
Because the energy density associated to a cosmological constant term is not affected
by the redshift caused by the expansion, if such a quantity is present in our universe,
from Eq. (1.33) and Eq. (1.34), independently of the initial matter content, the universe
would inexorably lead to a cosmological constant domination at some stage, impliying
an infinite exponential expansion of the universe, which seem to correspond to the
present stage of our universe as discussed in the following.
1.1.4 Measuring the expansion using candles
In the previous sections we exposed the relation between the energy density and the
time evolution of the physical distances between objects in the universe. Notably,
any physical event occuring with a strong luminosity at some time in the past should
carry enough information for observers to understand how the energy density of the
universe evolves along the line of sight from the time of emission until the present
time. Type IA Supernovae (SNIa) are particularly interesting objects for this purpose
as they are known to be extremely bright. They are typically formed from a white
dwarf accretating matter off a nearby star and this brutal event would ignitiate nuclear
reactions converting oxygen and carbon to iron, resulting in an explosion of the white
dwarf and in one of the brightest astrophysical event that is observable nowadays.
SNIa are considered as standard candles which means that their maximum absolute
magnitudes are nearly identical. Recently, a large sample of 740 supernovae was
used in a joined analysis including Low-z SNIa, data from the SuperNovae Legacy
Survey (SNLS), the Sloan Digital Sky Survey (SDSS) and the Hubble Space Telescope
(HST) [15]. Light curves for each of this large sample of SNIa were measured covering
the range between z = 0.01 and z = 1.2. For each supernovae the redshift can be
deduced by using several possible techniques such as spectral line studies of the host
galaxy. The distance modulus µ of a SNIA can be related to the luminosity distance
which depends on the redshift z:
µ ≡ m−M = 5 log10
(
dL(z)
pc
)
− 5.00 , (1.35)
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where m is the apparent magnitude and M the absolute magnitude. The luminosity
distance can be related to the various form of energy density present in the universe
as follow:
dL(z) =
c(1 + z)
H0
√
|Ωk|
Sk
H0√|Ωk| ∫ z
0
dz′√
Ωm,0(1 + z′)3 + Ωk,0(1 + z′)2 + ΩΛ,0
 . (1.36)
To be more precise, the dispersion of the peak luminosity of supernovae light curves
is not as small as we implied, it is still within ∼ 50%. However it was realized that
luminosity of brighter supernovae decreases slower with time (”brighter-slower”) and
the light curves could be rescaled by taking into account this effect introducing a
stretch parameter s which can be estimated from supernovae luminosity 15 days after
their maximum value. Similarly, one can introduce a color parameter c to correct
light curves of high or low redshift supernovae which are not measured using the same
spectral filter. One can define an effective distance modulus µ? as
µ? = µ+ α(s− 1)− βc , (1.37)
where α and β are parameters. This procedure leads to a reduction of peak luminosity
dispersion to ∼ 15% as shown in Fig. 1.1.
Figure 1.1 – Left: Illustration of the effect of the stretch normalization procedure:
light curves of a sample of SNIa on the top pannel and same light curves corrected
by the stretch factor on the bottom pannel. Right: Constraints on the cosmological
parameters ΩΛ and Ωm in a ΛCDM universe from the Supernova Cosmology Project
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In order to derive an estimation of the cosmological parameters using SNIa, one can
perform a minimization of the χ2 function defined as :
χ2 =
∑
SNIa
µ? − 5 log10
(
dL(Θ, z)/10 pc
)
σµ?
2 , (1.38)
where Θ = {ΩΛ,Ωm, α, β} and σµ? denotes the estimated error on the distance modu-
lus. One of the most important experimental results of modern cosmology, which was
derived using the procedure described previously, is the evidence for the domination
of a cosmological constant term in the energy budget of the universe of the order of
ΩΛ ' 70% and Ωm ' 30% at the present time as illustrated in Fig. 1.2 where we
can explicitely see the non-negligible impact of ΩΛ on the magnitude of large reshift
SNIa. Fig. 1.1 shows the 1, 2 and 3σ best-fitting contours in the {ΩΛ,Ωm} plane from
the Supernova Cosmology Project (SCP) as well as results from the matter density
spectrum and CMB measurements as discussed further on.
Figure 1.2 – Apparent magnitude of a large sample of SNIa, from low to high
redshift data from the HST showing the expected behavior in a 100% matter
dominated universe without cosmological contant and the best-fitting curve
corresponding a large cosmological constant component. Illustration taken from [16]
As a summary, SNIa light-curves measurements allow for an experimental probe of
the acceleration of the expansion of the universe and for these reasons the Nobel Prize
was awarded in 2011 to Saul Perlmutter for leading the SCP, and to Adam Riess and
Bryan Schmidt for their leading work in the High-z Supernova Search Team (HZT).
Results from SNIa are in agreement with estimations based on several other probes of
the cosmological parameters and are perfectly compatible with a flat universe (Ωk = 0).
However results from SNIa cannot allow for the precise determination of the Dark
Matter density but provide a precise estimation of the total matter density including
baryons, which indirectly leads to constraints on the DM density when combined with
other cosmological parameter estimations.
Therefore SNIa are used as a probe of the standard cosmological model (alternatively
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called ΛCDM 2) describing a flat universe composed of ∼ 70% of dark energy in
the form of a cosmological constant, ∼ 25% of Dark Matter which behaves as non
relativistic matter component but effectively does not interact with photons. The
photon density only represents a small contribution Ωr ' 10−4 while the remaining
∼ 5% are composed of standard baryonic matter, i.e. the astrophysical structures and
objects that are observable in the universe.
1.2 Thermal history of the universe
1.2.1 The early universe in a nutshell
In this section, some important stages of the evolution of the universe are briefly
described. Stages denoted between parentheses correspond to theoretical ideas or
main paradigm that have not been confirmed experimentally. Sections indicated in
brackets will be discussed further on in the corresponding sections.
(Inflation [T =? , z =?] [Sec. 1.2.2]) was suggested as a solution to the so-called
horizon problem. This problem is related to the fact that the Cosmic Microwave
Background temperature map is almost homogeneous, indicating that all the regions
observed in the CMB map does seem to be causally connected at the time of emission3.
However such causal connections cannot be explained in the context of a ΛCDM
universe and one has to invoke supplementary degrees of freedom in order to account for
their origins. Causality between two events occuring at a precise space-time position
can be quantified using the comoving particle horizon χ which depends of the conformal
time η defined as:
χ(η) ≡
∫ a(η)
aI
1
aH
d log a , (1.39)
where aI = 0 corresponds to the Big Bang singularity and (aH)−1 is the comoving
Hubble radius. The solution arising from inflation scenarios is based on the fact that
two events that does not appear as causally connected at the present time, could have
been in the past only if the Hubble radius decreased at some point
d
dt(aH)
−1 < 0 . (1.40)
Therefore one could explain the apparent not-causally-connected regions of the CMB
by ensuring that this condition is satified for some amount of time, causing an ex-
tremely fast expansion of the universe. In one of the simplest realization of inflation,
one introduces a scalar field dominating the energy budget in the early stages of the
universe while slowly rolling down to the minimum of its potential before decaying
to Standard Model particles, that would reach a thermal equilibrium state almost
immediately.
2Λ for a cosmological constant term and CDM for Cold Dark Matter.
3The CMB map cosmological implications are discussed in Sec. 2.3
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(Dark Matter freeze-out [T ∼ GeV-TeV] [Sec. 3.2]) In the WIMP paradigm,
Dark Matter particles in a primordial thermal-equilibrium state with the Standard
Model particle content decoupled from the thermal bath while becoming non-relativistic.
In such a scenario, the Dark Matter comoving density remains ”frozen” until the
present epoch.
Electroweak phase transition [T ∼ 200 GeV] All the particles of the Standard
Model, except photons, become massive. Subsequently, weak interactions are mediated
by the massive W± and Z bosons and therefore, are no longer long-range forces.
QCD phase transition [T ∼ 150 MeV] Strong interactions become effectively
strong and reach their non-perturbative regime. Quarks and gluons bind together to
form baryons and mesons becoming the relevant degrees of freedom afterwards.
Neutrino decoupling [T ∼ 1 MeV] [Sec. 1.2.2] Neutrino does not interact suf-
ficiently with electrons compared to the Hubble expansion rate to ensure a thermal
equilibrium state. This leads to neutrinos decoupling from the Standard Model ther-
mal bath, while still being relativistic.
Electron-positron annihilation [T ∼ 500 keV] [Sec. 1.2.2] Electrons and positrons
become non-relativistic while annihilating to photon pairs. Photons and neutrinos be-
come the only relativistic species to propagate in the universe.
Big Bang Nucleosynthesis [T ∼ 100 keV, z ∼ 4 × 108] BBN is the stage of the
universe corresponding to the formation of light nuclei such as 2H, 3H, 3He, 4He, 7Li.
Since only protons, neutrons, electrons and photons are present after neutrino decou-
pling, formation of these elements started at first with deuterium production through
the only possible two-body process
n+ p↔ 2H + γ (1.41)
Even though the binding energy of the deuterium B2H ' 2.2 MeV is large compared
to the temperature T . 1 MeV, this process is in equilibrium, compensated by the
small baryon density relative to photon η ≡ ρb/ργ  1 because of the large Boltzmann
suppression of the nucleon densities whose relative abundance is
nn
np
∣∣∣∣∣
eq
∼ e−∆m/T e−t/τn , (1.42)
where ∆m ≡ mn−mp ' 1.29 MeV is the neutron-proton mass difference and τn ' 886 s
is the neutron lifetime. The deuterium relative abundance can be expressed as
n2H
np
∣∣∣∣∣
eq
' neqn (mpT )−3/2eB2H/T . (1.43)
For lower temperatures T ∼ 100 keV, the process in Eq. (1.41) is enhanced by the ex-
ponential factor of Eq. (1.43) but suppressed by the density of neutrons that starts to
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efficiently decay. At some point, deuterium is sufficiently produced to initiate produc-
tion of heavier hydrogen and lithium isotopes. Therefore, light elements production
during BBN is very sensitive to the initial relative baryon-to-photon abundance η as
illustrated in Fig. 1.3 showing recent BBN computations [17] compared to relative
abundances measurements and Planck results. Measurement of relative abundances
can be realized using several techniques such as observations of the interstellar medium
around the Milky Way, studying the Lyman-α forest of distant quasars4 or proto-stellar
material in the Solar System. Beside the overall agreement between computations and
Figure 1.3 – Abundance of light nuclei in blue and red as function of the
baryon-to-photon density ratio η as predicted from BBN computations compared to
observed values in green. Figure taken from [17]
observations, the only disagreement is present in the 7Li abundance, known as the
Lithium problem which remains still unexplained nowdays.
Matter-radiation equality [T ∼ 0.7 eV, z ∼ 3400] Non-relativistic matter domi-
nates the energy budget of the universe. The later period is called the dark ages.
Recombination and Photon decoupling [T ∼ 0.3 eV, z ∼ 1200] [Sec. 2.3]
Electrons and p+ recombine to form neutral hydrogen, the universe becomes transpar-
ent and the first image of the universe is emitted and propagates in every direction
also known as the Comic Microwave Background.
4see Sec. 2.5 for more details.
14 Chapter 1. Modern Cosmology
Reionization [T ∼ 5 meV, z ∼ 10] The first stars and galaxies form, heating and
reonizing the hydrogen gas.
Λ-matter equality [T ∼ 0.3 meV, z ∼ 9] The energy density of the universe
becomes dominated by dark energy, causing an acceleration of the expansion.
Present time [T ∼ 0.24 meV, z = 0]
1.2.2 Thermodynamics of the primordial thermal bath
After the period of inflation that occured at early times, our expanding universe was
filled with Standard Model particles interacting between them and forming a thermal
bath. In the following section, after describing the last moments of the inflationary pe-
riod, we introduce some thermodynamical definitions and quantities useful to describe
the several consitutents of the thermal bath formed by these particles and discuss the
notion of thermal decoupling, relevant for the following chapters.
The end of inflation
As discussed in the previous section, a scalar field dominating the energy budget of
the universe is still nowadays the main paradigm invoked to explain inflation. It is
commonly assumed that when the scalar field responsible for the inflation, the so-
called inflaton denoted by φ, oscillates around the minimum of its potential, it would
eventually decay to Standard Model particles in the simplest realization of inflation.
In this case the evolution of the inflation energy density ρφ and energy density of the
SM particle content ρR5 are given by a set of coupled Boltzmann equations:
dρR
dt = −4H ρR + Γφ ρφ ,
dρφ
dt = −3H ρφ − Γφ ρφ , (1.44)
where Γφ is the decay width of the inflaton. The Hubble expansion rate is given by:
H2 = 8pi3M2Pl
(ρφ + ρR) (1.45)
As discussed in the following sections, at such scales the Standard Model particle
content reaches a thermal equilibrium state and ρR can be related to the temperature
of the thermal bath. Based on a naive dimensional analysis, since the temperature
is the only relevant scale we must have ρR ∝ T 4. In Fig. 1.4 a numerical solution of
Eqs. 1.44 is represented, showing that a maximal temperature TMAX is reached at the
early stages of the universe after inflation. We can distinguish two important regimes:
• The inflaton domination era: At the earliest times, the inflaton is dominating
the energy density of the universe and in this regime, one can show the following
relations between the Hubble rate, the temperature and the scale factor a [18]
H(T ) ∝ T 4 , and T ∝ a−3/8 . (1.46)
5Here we assume that all the particles present in the Standard Model are relativistic at the scale
considered.
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• The radiation domination era: After the so-called reheating temperature TRH, the
Hubble expansion becomes dominated by the radiation energy density and the
following relations hold:
H(T ) ∝ ρ1/2R ∝ T 2 , and T ∝ a−1 . (1.47)
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Figure 1.4 – Numerical solutions of the system of Boltzmann equations (1.44)
showing the relative behavior of the quantites H,T and a in the transition period
between the inflationary epoch and radiation domination era.
Thermal equilibrium
We want to describe the physics of the Standard Model thermal bath in the radiation
domination era in order to understand the several steps of the formation of the present
universe and emphasize the role of Dark Matter in this process. In order to do so, we
need to discuss the notion of thermal equilibrium which can be defined by the following
two conditions : kinetic equilibrium and chemical equilibrium.
Kinetic equilibrium between particles can be reached if the interaction rate of pro-
cesses involving these particles (such as e+γ → e+γ for instance) is large enough such
that their typical momenta will be redistributed homogeneously, allowing to describe
them as a single system defined by a temperature T . If the kinetic equilibrium con-
dition is satisfied, the phase space distribution fi of the species i is described by a
Fermi-Dirac (FD) or Bose-Einstein (BE) distribution depending on its spin:
fi(p) = gi
1
e(E−µi)/T ± 1 , (1.48)
where E is the energy of the particle with momentum p and mass m such that
E =
√
m2 + p2, µi is the chemical potential and gi the number of degree of freedom of
the species i. (+) and (−) correspond respectively to the FD and BE distributions. The
phase space distribution depends only on the modulus of the momentum, according
to the isotropy hypothesis, but not on position space because of the space homogene-
ity requirement. Although not directly deductible from the previous expression, the
phase space distribution depends actually on time through the time-evolution of the
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temperature as will be discussed further on. In the non-relativistic or classical limit,
both can be approximated by the Maxwell-Boltzmann distribution : fi(p) ' gie−E−µT .
Chemical equilibrium: Assuming number changing processes such as A+B ↔ C +D,
the chemical equilibrium condition can be expressed as a relation on the chemical
potential of the species involved:
µA + µB = µC + µD . (1.49)
This condition must be satisfied for every number changing process involving A,B,C
and D for the chemical equilibrium condition to hold. By definition, the chemical
potential characterizes the modification of the energy density of a system when the
number of particles is not conserved. Therefore one would expect that chemical equi-
librium is reached when number-changing processes and their reverse processes occur
at the same rate. For instance equilibration of the forward and backward rates of the
processes e+e− ↔ 2γ and 4γ ↔ 2γ imply:
µe+ + µe− = 2µγ and 4µγ = 2µγ → µγ = 0 and µe+ = −µe− , (1.50)
which shows that the chemical potential of photons vanishes in a thermal bath and
also that chemical potentials of particle and corresponding anti-particles are opposed.
Thermal equilibrium condition
The phase space density of Standard Model particles can be affected by two effects,
the expansion of the universe and interactions between particles. Expansion tends to
reduce the total number density by diluting space and interactions drive the distri-
bution functions towards Bose-Einstein and Fermi-Dirac thermal distributions. If the
expansion rate were too large, Standard Model particles would not have enough time
to interact efficiently with each other and would not acquire thermal distributions. The
Hubble expansion rate can be understood, at first order, as the inverse of the time ∆t
taken for the universe to expand by a factor ∆a such that H ' (∆a/a)(1/∆t). Taking
∆a ∼ a yields ∆t ' H−1 which indicates that the Hubble rate is an estimator of the
time needed for the size of the universe to be multipled by a factor 2 under the effect
of expansion. Therefore, an interaction rate Γ(T ) larger than the Hubble rate implies
typically that interactions cannot occur before the expansion drives the particles apart,
forbidding them to redistribute their momenta and ensure a kinetic equilibrium state.
This yields the following approximated kinetic equilibrium condition:
H(T ) . Γ(T ) . (1.51)
Using na¨ıve dimensional analysis, at high temperature the interaction rate will be the
product of the number density n by the typical scattering cross section σ:
Γ ∼ σn , (1.52)
where n scales as n ∼ T 3, σ ∼ α2/T 2 and α ∼ 10−1 is roughly of the order of the fine
structure constant. The Hubble expansion rate is given by
H ∼ T
2
MPl
, (1.53)
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with MPl the reduced Planck mass. Injecting the previous relations in the kinetic
equilibrium condition of Eq. (1.51) gives :
T . α2MPl ' 1016 GeV (1.54)
As a result, kinetic equilibrium is guaranteed for temperatures much below the Planck
scale T  MPl, regime which will be considered in the following. The chemical
equilibrium condition will be satisfied as well as the typical cross section for number-
changing processes will behave in the same way that scattering cross sections at high
temperatures, therefore validating the thermal equilibrium condition for the Standard
Model particles during the radiation domination era.
Entropy and energy density
Provided that thermal equilibrium is satisfied and the notion of temperature can be
defined, we can apply standard results of thermodynamics to describe the primordial
Standard Model thermal bath. We can define the notion of entropy S from the second
principle of thermodynamics T dS ≡ dU+P dV −µ dN where U and N are respectively
the total energy and number of particles in the system, V the total volume and P the
pressure. Using the fact that S, V , N and U are extensive variables such that ∂U
∂V
= U
V
,
one can derive the following definition of the entropy density s = S/V :
s = ρ+ P − µn
T
, (1.55)
where ρ = U/V is the energy density, P the pressure and n ≡ N/V the number
density. In absence of interactions, one can show that entropy density is conserved
from the condition of energy-momentum conservation ∇µT µν = 0. Using the second
principle of thermodynamics we can write the relation
dρ = T ds+ dV
V
(
Ts− (P + ρ)
)
= T ds . (1.56)
Injecting the previous relation in the continuity relation (1.29) derived from energy-
momentum conservation yields
T
(
ds
dt + 3Hs
)
= 0 → d(sa
3)
dt = 0 →
dS
dt = 0 . (1.57)
which demonstrates entropy conservation in absence of interactions between the ther-
mal bath and external sources. The contribution of a species i to the quantities n, ρ
and P can be expressed as integrals of the phase space distribution over all possible
momenta
ni = gi
∫
f(p) d
3p
(2pi)3 , ρi = gi
∫
Ef(p) d
3p
(2pi)3 , Pi = gi
∫ p2
3Ef(p)
d3p
(2pi)3 .
(1.58)
One can derive analytical expressions of these quantities in some specific regimes :
18 Chapter 1. Modern Cosmology
The relativistic limit: in the regime where masses and chemical potentials are neg-
ligible (m T and µ T ) :
ni =
(3
4
)
ζ(3)
pi2
giT
3 , (1.59)
ρi =
(7
8
)
pi2
30giT
4 , (1.60)
Pi =
1
3ρi , (1.61)
where the factors (3/4) and (7/8) are only present for fermions and should be sub-
stitued by 1 for a bosonic species.
The non-relativistic limit:(T  m) densities of massive particles are exponentially
suppressed at low temperatures
ni = gi
(
mT
2pi
)3/2
e−(m−µi)/T , (1.62)
ρi = mni , (1.63)
Pi = niT , (1.64)
In order to derive the total radiation energy density of a system composed of several
species, one has to sum over each contribution:
ρ =
∑
i
ρi =
pi2
30g?(T )T
4 , (1.65)
where g?(T ) is the effective number of relativistic degrees of freedom. Similarly one
can define the total entropy as a sum of every possible contribution
s =
∑
i
si =
2pi2
45 g?,s(T )T
3 , (1.66)
The entropy conservation condition leads to the following result:
g?,s(T )T 3a3 = constant → a ∝ 1
g
1/3
?,s T
' 1
T
, (1.67)
where we assumed a mild temperature dependance of g?,s. This is an important result
which allows to treat 1/T as a time parameter in the radiation era.
In the Standard Model, at high temperature, well above the electroweak symmetry
breaking scale vEW, all the particles are massless and the effective number of relativistic
degrees of freedom is given by the sum of all the degrees of freedom present in the
Standard Model which is:
g?(T > vEW) =
7
8 (NF × 2) +NV × 2 +Nscalar = 106.75 , (1.68)
where NF = 45 is the number of left and right-handed fermions, NV = 12 is the num-
ber of vector fields and Nscalar = 4 the number of scalar fields present in the Standard
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Figure 1.5 – Evolution of the effective relativistic degrees of freedom in the
Standard Model with the temperature of the photon thermal bath.
Model. The factors of ”2” denote the number of polarization states for fermions and
massless vectors states. In Fig. 1.5, the evolution of the effective number of degrees of
freedom of the SM geff = {g?, g?,s} with temperature is depicted. Starting from a high
temperature T  vEW, geff decreases after the temperature drops below vEW due to
the fact that masses are generated in the SM and the number of particles such as the
Higgs and the top-quark will exponentially be suppressed when the temperature be-
comes smaller than their mass, reducing the total value of geff. Another major drop at
T . 1 MeV in this plot corresponds to the same effect happening when the temperature
drops below the electron mass me. Around T ∼ 200 MeV = ΛQCD, geff are drastically
reduced, caused by the QCD phase transition binding quarks and gluons together.
Below ΛQCD the propagating states are color-neutral composite states (baryons and
mesons) and all the color degrees of freedoms of the Standard Model become inacces-
sible. At low temperatures T  me, only photons and neutrinos contribute to the
effective number of degrees of freedom which is of the order geff(T  1 MeV) ∼ 3− 4.
Kinetic decoupling
The kinetic decoupling time of a species in equilibrium with a thermal bath can be
defined as the time for which the interaction rate of this species becomes insufficient
compared to the Hubble expansion rate to ensure kinetic equilibrium. From this time,
the considered species would decouple from the thermal bath, evolving freely with the
expansion of the universe afterwards. This concept is particularly important for early
universe cosmology and for Dark Matter phenomenology therefore we investigate the
neutrino decoupling in the Standard Model as an illustration of this effect. Neutrinos
interact with leptons and quarks in the Standard Model only via weak interactions
with processes such as
ν¯` + ν` ↔ ¯`+ ` and ν` + `↔ ν` + ` , (1.69)
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for which the typical interaction cross section is given by σ ∼ (GFT )2 where GF ∼
10−5 GeV−2 is the Fermi constant. An order of magnitude of the interaction rate is
thus given by
Γ ∼ G2FT 5 . (1.70)
Using the kinetic equilibrium condition stated in Eq. (1.51), one can estimate the
neutrino decoupling temperature Td as
Td '
(
G2FMPl
)−1/3 ' 1 MeV . (1.71)
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Figure 1.6 – Scale factor dependence of the temperature of the photons T γ and
neutrinos T ν after the neutrino decouling temperature Td ' MeV
As a result, neutrinos decoupled from the SM particle content while being still
relativistic as their masses are sub-eV, therefore after Td their distributions were af-
fected only by the expansion until the present time keeping the shape of a Fermi-Dirac
distribution even though neutrinos are non-relativistic nowadays. After the neutrino
decoupling temperature, the SM thermal bath is composed only of photons and elec-
trons. When the temperature drops below the electron mass T . me, the annihilation
γγ → e+e− becomes exponentially suppressed compared to the reverse process. This
results in a reheating of the photon temperature compared to the neutrino temper-
ature. One can show this effect using conservation of entropy between Td and some
temperature Tf  me in the γ system comprised of e−e+ as well and conservation of
entropy in a system ν composed of the three neutrino families
gγ?,s(Td)T 3d = gγ?,s(T
γ
f )(T
γ
f )3 , (1.72)
gν?,s(Td)T 3d = gγ?,s(T νf )(T νf )3 , (1.73)
where gγ?,s and gν?,s are the effective degrees of freedom of the γ and ν systems respec-
tively. Notice the difference in the temperatures T νf and T
γ
f . The degrees of freedom
evaluated at Td are
gγ?,s(Td) =
11
2 and g
ν
?,s(Td) =
21
4 . (1.74)
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The effective number of degrees of freedom is conserved in the ν system and only
photons contribute in the γ system at Tf  me, giving
gγ?,s(T
γ
f ) = 2 and gν?,s(T νf ) =
21
4 . (1.75)
The relation between photon and neutrino temperatures can be derived straightfor-
wardly
T γf =
(
gγ?,s(Td)
gγ?,s(T γf )
)1/3
T νf =
(11
4
)1/3
T νf , (1.76)
Therefore we expect the neutrino temperature to be slightly smaller than the photon
one as illustrated in Fig. 1.6 where the temperature evolution of the γ and ν systems
are shown as a function of the scale factor based on entropy conservation. This figure
shows that photons inherit some energy density from the electrons compared to the
neutrinos.
Conclusion
After describing the various stages of the universe, we presented some important ther-
modynamics quantities relevant for describing the universe in the radiation domination
era and we emphasized the notion of kinetic decoupling which is essential to be un-
derstood in the context of Dark Matter phenomenology, as discussed in the following
chapters.
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The Dark Matter conundrum is actually a long standing issue that has puzzled physi-
cists for almost a century and has been accepted only in the few past decades. After
reviewing the initial hints of a missing mass problem that has emerged in the first part
of the twentieth century, we expose in this chapter the various probes and observations
that lead to the conclusion that a Dark Matter component is present in our universe
based on modern measurements and theory developments.
2.1 Pioneers of the dark universe : historical ap-
proach
More than one hundred years ago, after working on the mathematical formulation of
special relativity, Henri Poincare´ was impressed by Lord Kelvin’s idea of applying the
recently elaborated kinetic theory of gases to astrophysical systems. He applied this
theory to the Milky Way by computing the number of stars that our galaxy should
host in order to reproduce the sun velocity with respect to the galactic center and he
compared with an estimation based on observations from this epoch [19]. His conclu-
sion was he following: ”then there is no Dark Matter, or at least not so much as there
is of shining matter”1. There was no Dark Matter problem at that time but obviously
1For futher reading regarding historical aspects, a detailed review can be found in [20]
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he had absolutely no chance to guess that one of the most puzzling problem in physics
one hundred years later would be related to his erroneous conclusion. However his pi-
oneering work opened the way to improved studies of this kind by the Dutch physicist
Jacobus Kapteyn who was the first to propose a theory of arrangement and motion
of stars in the galaxy [21]. He had the idea of decomposing the galaxy in spherical
shells and applied the kinetic theory of gases relating the distribution of mass to the
velocity dispersion of the stars. He understood that one could determine the Dark
Matter density by comparing the effective mass of stars to the luminosity-curve which
is summarized in the sentence: ”We therefore have a means of estimating the Dark
Matter mass in the universe”. The work of Kapteyn led his former student, Jan Oort,
to study stellar kinematics in order to estimate the total matter density in the vicinity
of the Sun [22]. He reached the conclusion that some non-negligible amount of Dark
Matter must be present to account for the observed stellar dynamics: ”There is an
indication that the invisible mass is more strongly concentrated to the galactic plane
that of the visible stars”.
Later in the 1920’s, Edwin Hubble studied the relation between redshift of galaxies
and their distances to the earth. The redshift was measured from spectral lines dis-
placement and distances were determined using various methods such as Cepheid for
instance. Cepheids are periodically changing luminosity stars whose period is tightly
related to the maximum luminosity, therefore measuring their period and luminosity
provide informations regarding their distances to the observer. Edwin Hubble deduced
the famous linear relation between redshift and distances [23]. A couple of years later
Fritz Zwicky, aware of the recent results by Hubble, studied particular velocities of
galaxies inside galaxy clusters, in particular the Coma cluster located ∼ 1010 light
years away from our galaxy. Zwicky, assuming the Coma cluster in a stationary state,
used the Virial theorem to relate the velocity dispersion v¯2 of the galaxies to the
average density of the cluster [24].
v¯2 ' 3GNM5R . (2.1)
He derived the conclusion that the Coma system must be at least 400 times larger
than the value inferred from observation of luminous matter in order to explain such
a large velocity dispersion. He suspected that a Dark Matter halo was present in
a much larger amount than the luminous matter and popularized the Dark Matter
denomination.
2.2 Rotation curves
The study of rotation curves has been playing a very important role in the acceptance of
the existence of a missing mass problem by the scientific community. Horace Babcock
was the first to extend the study of the rotation curve of the Andromeda (M31) galaxy
to the most outer regions [25]. The rotation curve of a galaxy represents the evolution
of the radial velocity v(r) of stars with respect to their distances from the center
of the galaxy. Assuming a spherical matter distribution in the galaxy, according to
Newtonian dynamics, one can relate the gravitational potential Φ(r) to the matter
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density ρ(r) through the Poisson equation
∆Φ(r) = 4piGNρ(r) , (2.2)
and therefore deduce the expression of the radial velocity at a distance r from the
center
v(r) =
√
GNM(r)
r
, (2.3)
where M(r) is the mass of a sphere of radius r such that
M(r) =
∫ r
0
ρ(r′) d3r′ . (2.4)
Assuming that a large proportion of the galaxy mass is comprised in a sphere of radius
R, one should expect M(r  R) 'M(R), therefore on large radii the velocity should
decrease with r as
v(r  R) '
√
GNM(R)
r
∝ 1√
r
. (2.5)
However Babcock realized that radial velocities were not decreasing on large radii as
expected: ”The approach to constant angular velocity discovered for the outer spi-
ral arms is hardly to be anticipated from current theories of galactic rotation”. Even
though Babcock’s observations are not exactly in agreement with modern measure-
ments, he raised the problem that rotation curves tend to flatten on large radii, whose
explanation is attributed to the existence of a Dark Matter halo.
One can deduce the shape of the Dark Matter density profile allowing for an expla-
nation of the flattening of rotation curves by noticing from Eq. (2.3) that we expect
M(r) ∝ r for a constant velocity on large radii. Therefore according to Eq. (2.4) the
Dark Matter density distribution ρDM(r) should behave on large radii as
ρDM(r) ∝ 1
r2
. (2.6)
In Fig. 2.1 the velocity curve of the NGC6503 spiral galaxy is depicted, showing
explicitely the impact of a Dark Matter component whose density behaves as ρDM(r) ∝
r−2 on large radii.
In 1951 the (HI) 21cm spectral line of the hydrogen hyperfine structure2 was detected
for the first time by Harold Ewen and Edward Purcell. This line was suggested as a
new way of observing the universe and in particular, to measure rotation curves, which
have been widely used in the last fifty years.
Later on in the 1970’s, using a recently developped image tube-spectrograph Vera
Rubin and Kent Ford observed HII regions of the (M31) Andromedra galaxy. From the
Hα line (∼ 656.3 nm), they extended previous measurements of the M31 rotation curve
to the most outer regions [26]. Their results were compatible with radio observations of
the same galaxy, implying the presence of an invisible component. A similar conclusion
was reached by Ken Freeman while observing peaks of rotation curves of galaxies such
as M33 and NGC300 [27].
2When the spin configurations of the electron and protons in a hydrogen atom flip from a parallel
excited configuration (↑↑) to an anti-parallel fundamental arrangement (↑↓), a photon is emitted with
a wavelength λ ' 21 cm.
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Figure 2.1 – Left: Rotation curve of the NGC6503 galaxy, showing contributions of
the gas, luminous matter (stars) and a Dark Matter component fitting the
experimental data. Taken from [28]. Right: Rotation curve of M31 showing
measurements from Babcock [25], Rubin and Ford [26], Roberts and Whitehurst [29]
and Carigan et al. [30]. The blue line correspond to Freeman prediction assuming a
exponential disk [27]. Figure taken from [20]
Two important papers were published in 1974, one by Einasto, Kaasik and Saar [31],
the other by Peebles, Ostriker and Yahil [32]. In both paper, they raised the important
point that the Dark Matter halo introduced in order to explain galactic rotation curves
could address at the same time similar discreprancies on galaxy cluster scales. They
both estimated the total matter energy density present in the universe based on their
galaxy cluster masses to be of the order of ∼ 20%, quite close to the value measured
nowdays. The important message of these two papers is that the Dark Matter problem
is present on a wide variety of scales: galactic, galaxy clusters and cosmological scales.
Later in the 1970’s, more rotation curve studies were pursued, in particular Albert
Bosma confirmed the flatness of rotation curves of 25 galaxies [33] beyond luminous
matter using radio waves. More recently, the authors of [30] confirmed Horace Babcock
and Vera Rubin results regarding the rotation curve of M31 as shown in Fig. 2.1 on
the right pannel. Rotation curves are still widely used to infer mass distributions of
astrophysical system such as galaxies, clusters of galaxies and dwarf satellites.
2.3 The Cosmic Microwave Background
The Cosmic Microwave Background (CMB) is a radiation emitted around 300.000
years after the Big Bang, propagating in every direction in the universe. It is a very
strong prediction of Big Bang cosmology and an extremely useful tool to scrutinize
early universe cosmology, predicted by Ralph A. Alpher and Robert C. Herman [34]
based on work by George Gamow [35] in the late 1940’s. A fraction of second after
the Big Bang, according to our current understanding of cosmology, the universe
was extremely hot, thermalized and dense but was cooling down due to the Hubble
expansion of the universe. Photons could not propagate freely and the universe was
opaque due to Compton scattering with baryonic matter. When the temperature
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of the universe reached a value close to the binding energy of an electron with a
hydrogen nucleus T . 1 eV (i.e. z ' 1090), atoms started to form and photons
decoupled from baryons causing the universe to become transparent, known as the
recombination time. Photons emitted at this time could freely stream in the universe
and were detected accidentally on earth for the first time by Pensias and Wilson in
1964 at Bell Labs while realizing an isotropic irreducible background was present in the
radio-wave spectrum [36]. Although affected by the expansion redshift, the spectrum
of this almost isotropic signal is still currently described today with a high degree of
precision by a black body spectrum of intensity
Iν =
4pih¯ν3
c2
1
e2pih¯ν/kBTCMB − 1 , (2.7)
with a value of the temperature measured today TCMB = 2.72547 ± 0.00057 K [37].
Since the solar system is moving within our galaxy, photons coming from this specific
direction of motion in the sky are redshifed by Doppler effect, also causing a blueshift of
photons coming from the opposite direction. Therefore this dipole effect is responsible
for anisotropies in the CMB temperature map of the order of δT/T ∼ 10−3. Astrophys-
ical processes such as the Sunyaev-Zeldovich effect, corresponding to inverse-Compton
scattering of CMB photons on hot gas present in galaxy clusters for instance, are the
cause of additional contibutions to the anisotropy map of the CMB. After removing the
dipole effect and several other astrophysical contributions, the CMB temperature map
reveals anisotropies of the order of δT/T ∼ 10−5 which correspond to a non-uniform
matter distribution at the time of recombination.
Figure 2.2 – CMB temperature anisotropy map as measured by the Planck
collaboration. Figure taken from [38].
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The map of these anisotropies was measured recently by the Planck collabora-
tion [39] as shown in Fig. 2.2. It was historically detected by the Far InfraRed Absolute
Spectrophotometer (FIRAS) on board the Cosmic Background Explorer (COBE) [40]
and later on measured by the ballon experiments BOOMERANG [41] and MAX-
IMA [42], and the Wilkinson Microwave Anisotropy Probe (WMAP) satellite [43]. It
is common to decompose the temperature anisotropies in one specific direction nˆ of
the sky using the basis of spherical harmonics Y`m(nˆ):
Θ(nˆ) ≡ δT
T
(nˆ) =
∞∑
`=2
∑`
m=−`
a`mY`m(nˆ) . (2.8)
In the early tighly-coupled baryon-photon plasma, quantum fluctuations gave rise to
baryonic overdensity fluctuations that were amplified by gravitational attraction but
were repelled by radiation pressure. The balance of these two processes generated
acoustic oscillations in the baryonic fluid, propagating at the speed of sound cs related
to the mean bayon and photon densities ρ¯b,γ:
c2s =
1
3(1 +R) , R ≡
4ρ¯b
3ρ¯γ
. (2.9)
These acoustic waves propagated in the baryon-photon plasma until the end of the
Compton drag epoch ηdrag3 when baryons started to fall freely without feeling radiation
pressure anymore, that decreased sharply after the photon-baryon decoupling ηdec.
The Dark Matter distribution, not affected by radiation pressure would evolve with
the baryon distribution under the effect of gravity. Photons would then propagate
without experiencing any Compton scattering, while keeping the imprint of the size
of the baryon spherical shell, the last scattering surface, whose radius is given by the
sound horizon at ηdrag
ds(ηdrag) = a
∫ ηdrag
η0
cs dη′ . (2.10)
Therefore the CMB anisotropy map two-point correlation function 〈Θ(nˆ)Θ(nˆ′)〉 be-
tween two directions nˆ and nˆ′ features peaks separated by a typical length correspond-
ing to the angular scales θ ∼ ds(ηdec)/dA(ηdec)4 as shown in Fig. 2.3. The quantity
〈Θ(nˆ)Θ(nˆ′)〉 is defined as
〈Θ(nˆ)Θ(nˆ′)〉 = ∑
`,m
∑
`′,m′
〈a`ma∗`′m′〉Y`m(nˆ)Y ∗`′m′(nˆ′) =
1
4pi
∑
`
(2`+ 1)C`P`(cos θ) , (2.11)
with cos θ = nˆ · nˆ′ and P` are the Legendre polynomial functions. The coefficients C`
represent the power spectrum related to the quantity D` defined as follow:
D` ≡ `(`+ 1)2pi C` and C` ≡ 〈|a`,m|
2〉 = 12`+ 1
m=+`∑
m=−`
|a`m|2 . (2.12)
The value of the typical angular separation θ between two points in the CMB
anisotropy map is related to ` ' pi/θ. Therefore small (large) values of ` correspond
3η is the conformal time defined in Eq. (1.17) and zdrag ' 1060.
4dA is the angular distance as defined in Eq. (1.21).
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Figure 2.3 – Power spectrum of the CMB temperature anisotropy map. The top
pannel shows experimental data from the Planck collaboration, featuring also in red
solid line the best fit to the spectrum. The bottom pannel shows residual of the fit.
Figure taken from [38].
to large (small) physical distances in the last scattering surface. Even though the os-
cillation pattern corresponding to these acoustic waves is observable in the spectrum
today, numerous physical effects alter its shape from emission to observation. There-
fore, making precision measurements allows to efficiently probe cosmological models.
Some of the most important of these effects on the spectrum are:
• The Sachs-Wolfe effect is responsible for a plateau at small `, corresponding to
the redshift of photons escaping gravitational potential wells which generates
fluctuations δT/T ∼ −1/3Φ where Φ is the gravitational potential. The typical
physical scales associated to the modes corresponding to small values of ` were
super-Hubble at the time of photon decoupling and they could not experience
the effects of the acoustic oscillations, the corresponding spectral shape remains
scale-invariant as suggested by inflation scenarios.
• An overall damping of the spectrum, known as Silk-damping is due to photon
diffusion on small distances in the baryon-photon plasma before being Compton-
scattered by electrons. This effect is responsible for washing out overdensities
on short distances corresponding to an exponential damping of the spectrum for
large values of `.
• Integrated Sachs-Wolfe effects: photons propagating in a time-variating gravi-
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tational potential would experience a redshift when leaving a potential well not
compensating the blueshift caused when entering, due to time dependent Hubble
expansion. This process would affect scales the most sensitive to the expansion,
i.e. the largest ones, creating a small tilt in the spectrum for very small values
of `.
The CMB spectrum allows for an estimate of the free parameters of the ΛCDM model
which includes dark energy in the form of a cosmological constant Λ and a cold Dark
Matter component whose density is Ωc. Currently the most precise determination of
the matter energy density Ωm at the present time, deduced from the CMB anisotropy
map, is provided by the Planck collaboration [14]:
Ωm = 0.3156± 0.0091 , (2.13)
Ωbh2 = 0.02225± 0.00016 , (2.14)
Ωch2 = 0.1198± 0.0015 , (2.15)
where h ≡ H0/(100 km s−1 Mpc−1) withH0 = 67.27±0.66 km s−1 Mpc−1. From these
measurements on can infer the value of the curvature density Ωk = 0.000 ± 0.005
which is compatible with a flat universe. These precise measurements indicate the
presence of a non-negligible Dark Matter component in the matter energy budget of
the universe of the order of 85% and around 25% of its total energy density. The impact
of a Dark Matter density component on the CMB spectrum is indirectly related to
several features of the spectrum including:
• The typical peak scale depends on the sound horizon at the decoupling time and
thus is related to the baryon density at that time. It would also depend on the
expansion history and in particular the time of matter-radiation equality, linked
to the total matter density.
• A change in the duration between the time of matter-radiation equality and the
decoupling would impact the efficiency of the baryonic damping of the oscillations
controlled by the value of Ωm and leads to a vertical shift of the peaks in the
spectrum.
As a summary, the CMB observation is undoubtedly one of the strongest evidence
of the presence of Dark Matter in our universe and the spectrum allows for a rigorous
test of the ΛCDM model while strongly constraining other alternative scenarios.
2.4 Gravitational lensing
One very important consequence of General Relativity is that light can be deflected
by a gravitational potential and therefore does not propagate in a straight line around
a massive object as one would expect in a flat space. Using Schwarzschild metric
and Einstein equations one can estimate the deflection angle δφ of a light-ray passing
nearby an object of mass M as
δφ ' 4GNM
b
, (2.16)
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where b is the impact parameter of the incident photon. As expected, in the limit where
the mass M vanishes, photons follow a straight line. As a result, one can deduce the
mass of a massive object located between a source of photons and an observer, by
measuring the deflection angle of the incoming photons 5.
Strong lensing In the regime where a very dense region is present between a source
and an observer, light emitted from the source could follow several geodesics to reach
the observer, resulting in mutiple images of the same physical source in the field of
view as illustrated in Fig. 2.4 on the right pannel. In the case where a spherically
symmetric object is located exactly in the source-observer axis, on should expect to
observe an Einstein ring due to the cylindrical symmetry of the system. The Einstein
radius of this ring is given by
θE '
√
4GNMdOS
dOdS
, (2.17)
where dOS, dO and dS are respectively angular distances, as defined in Eq. (1.21) be-
tween the massive object and the source, between the observer and the object and
between the source and the observer. In case of a massive object slightly shifted from
the observer-source axis, instead of observing rings, one would observe a series of arcs
as shown in Fig. 2.4 on the left pannel. Strong lensing have been used since the 1980’s
in order to measure masses of galaxies and more recently the Sloan Digital Sky Survey
(SDSS) Quasar Lens Search (QLS) published an estimate of the cosmological constant
and the matter density based on lensing measurements [45]. Their results are in good
agreement with several other cosmological probes.
Figure 2.4 – Left: Image of the galaxy cluster SDSS J0146-0929 from the Hubble
Space Telescope showing Einstein’s ring due to strong gravitational lensing. Right:
Image of the galaxy cluster SDSS J1004+4112 showing multiples images of the same
quasar around the center. Credit: ESA/Hubble and NASA
5For futher reading, a review of gravitational lensing can be found in [44].
32 Chapter 2. From early evidences to recent observations
Weak lensing The weak lensing regime corresponds to distortions of the apparent
shape of luminous objects by the gravitational potential of some massive structure
located near to the line of sight, between the source and the observer, resulting in a
possible magnification or shear of the source image. Even though the average shape
of galaxies is circular, galaxies along adjacent lines of sight are expected to be sheared
in a similar way by the effect of weak lensing, resulting in a ellipsoid shape on aver-
age. Therefore combining observations over a large sample of galaxies allows for the
reconstruction of the gravitational potential along a line of sight. This method has
been used by the Sloan Lens ACS Survey to infer the average galactic baryonic and
Dark Matter fraction from large sample galaxies in [46]. They found that in a sphere
of radius ∼ 8 kpc around the center of galaxies, the Dark Matter mass-fraction repre-
sents ∼ 27% showing that the inner core of galaxies is mostly dominated by baryons.
The weak gravitational lensing produces an effect observable in background galaxies
known as cosmic shear allowing to trace the total mass distribution induced by the
foreground large-scale structure in the universe. Results from the Dark Energy Sur-
vey (DES) collaboration regarding the estimate of the total matter density, combining
galaxy clustering and weak lensing studies, were shown to be consistent with CMB
data [47].
Figure 2.5 – The bullet cluster (1E0657-56) composite image: the background
represents the optical image of the system, the blue region shows the mass
distribution infered from weak lensing and the pink region shows the X-ray emission
from hot gas. Credit: X-ray map: NASA/CXC/CfA [48]; Weak lensing map and
optical image: NASA/STScI; ESO WFI; Magellan/U.Arizona [49].
One of the most convincing argument regarding the presence of Dark Matter is
derived from the weak lensing mass-contour of the so-called Bullet cluster. The bul-
let cluster (1E0657-56) is actually a system of two merging clusters, as depicted in
Fig. 2.5, where the total mass distribution have been infered using weak lensing and
the luminous mass distribution is deduced using X-ray emission from the hot intra-
cluster gas. The particular shape of the luminous matter contour shows that the two
cluster gases interacted while passing through each other. However the total clus-
ter mass-distributions coincide with the location of the galaxies, displaying spherical
shapes therefore indicating that as the stars within galaxies, most of the mass contri-
butions did not interact during the collision of the clusters showing the collisionless
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property of the Dark Matter. Such an observation is a strong argument in favor of the
particle interpretation of Dark Matter contrary to modified gravity theories for which
providing a simultaneous interpretation of the Bullet Cluster event and accomodating
the observed rotation curves is challenging, as discussed further on in Sec. 3.4.
2.5 Baryon Acoustic Oscillations and the matter
power spectrum
Primordial baryon acoustic waves propagating in the tighly coupled baryon-photon
plasma and giving rise to anistropies in the CMB became the seed of overdensities in
the matter distribution after recombination. These overdensities have been affected
by gravity, which tends to link baryon and Dark Matter densities together, allowing
for this pattern to be still observable nowdays in the matter power spectrum P (k),
which can be expressed
〈δρ(t,~k)δρ(t,~k′)〉 ≡ P (k)δ(3)(~k − ~k′) , (2.18)
where 〈δρ(t,~k)δρ(t,~k′)〉 is the Fourier transform of the overdensity two-point correlation
function
〈δρ(t,~k)δρ(t,~k′)〉 =
∫ d3~r
(2pi)3 e
i~k·~r〈δρ(t, ~x)δρ(t, ~x+ ~r)〉δ(3)(~k − ~k′) , (2.19)
with
δρ(t, ~x) ≡ ρ¯(t)− ρ(t, ~x)
ρ¯(t) , (2.20)
where ρ(t, ~x) is the matter density distribution and ρ¯(t) the mean matter density.
One technique used to obtain the matter power spectrum is to measure the absorption
spectrum corresponding to the Lyman-α (Ly-α) emission line6 from distant quasars.
Quasars are extremely luminous sources in particular near the Ly-α emission line.
Light emitted from distant quasars propagating in the intergalactic medium while
being redshifted by the Hubble expansion. Photons with wavelengths λ < λLy-α at
the time of emission will at some point reach a region were λ ' λLy-α because of the
redshift. Neutral hydrogen atoms present in the intergalactic medium would absorb
photons with λ ' λLy-α causing the initial emitted spectra to show absorption lines
at different redshifts corresponding to photons crossing overdense regions along their
way. Such a spectral shape is known as the Lyman-α forest. As a result, measuring the
absorption spectrum of a distant quasar allows to derive a 1D density-map along the
line of sight of the intergalactic medium, and combining informations from multiples
quasars provides informations regarding the matter density in the universe.
A complementary method to access the power spectrum is to map galaxies in a
very large volume of the universe and derive the correlation function. This analysis
was performed by the 2dFGRS collaboration [51] and more recently by the Baryon
Oscillation Spectroscopic Survey (BOSS) as part of the the Sloan Digital Sky Survey
6Line corresponding to an electron transiting from the n = 2 orbital to the n = 1 level in a
hydrogen atom. The wavelength corresponding to this transition is λLy-α ∼ 121, 6 nm (ultraviolet).
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Figure 2.6 – Matter power spectrum as measured by the SDSS-III BOSS
collaboration showing the best-fit model in solid line. The inset displays the same
spectrum normalized by the best-fit model with no BAO. Figure taken from [50].
III (SDSS-III) [50] as shown in Fig. 2.6 which combined data from more than 200.000
galaxies corresponding to a volume of∼ 2 Gpc3. Fig. 2.6 shows an oscillation pattern in
the power spectrum corresponding to a physical size of∼ 150 Mpc and can be predicted
from the CMB spectrum using gravitational perturbation theory. However it cannot
be described by considering only baryons in the matter content of the universe, a Dark
Matter component is essential to explain the features present in the spectrum. One can
infer the cosmological parameters from the power spectrum and a recent analysis from
the BOSS collaboration shows a good agreement with previous measurements [52],
confirming the ΛCDM model as the main cosmological paradigm.
2.6 Simulations and Dark Matter distribution
Although a Dark Matter component in our universe seems well established at the
present time, beside measuring its global abundance on cosmological scales, quantizing
the Dark Matter density in smaller environments such as galaxies and the Milky-Way
in particular, remains a challenging task. Nowdays, numerical simulations have shown
to be a particularly efficient way of testing our understanding of structure formation
and provide a way to estimate velocity and matter density distribution. Peebles and
Ostriker in their seminal paper of 1963 [53] argued, based on N-body simulations
(including O(100) particles), that galactic disks such as the one of the Mily-Way
might be actually unstable. However, adding a spherical dark halo much larger than
the disk would improve the stability. In fifty years, simulations have drastically evolved
and today they are an essential tool to infer Dark Matter properties such as density
distribution. In this section we discuss our current understanding regarding the Dark
Matter distribution and local density in the solar system based on numerical simulation
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results and local measurements of the Dark Matter density.
The isothermal Dark Matter model
One could try to estimate the shape of the Dark Matter density distribution ρ(~x) in a
galaxy by assuming a thermal origin for the Dark Matter, whose phase space distribu-
tion can be approximated by f(~x,~v) ∝ exp (−E/T ) and related to ρ(~x) = ∫ d3~vf(~x,~v)
where E = (1/2)mDMv2 + mDMφ(~x) with φ(~x) the gravitational potential. Assuming
that this distribution is not time-dependent, according to the Poisson equation and
assuming a Maxwell-Boltzmann distribution, the Dark Matter density at the present
time would behave as ρ(r) ∝ 1/r2. As the baryon density is dominating the mass
distribution in the inner part of the halo, the distribution for radii below a typical
scale r < rs can be truncated giving the (pseudo-)isothermal density profile
ρiso(r) =
ρs
1 +
(
r
rs
)2 , (2.21)
where ρs and rs are normalization factors. Based on the same argument, one can de-
duce the velocity distribution of the Dark Matter particles in the galaxy as a truncated
Maxwellian distribution, also known as the Standard Halo Model:
f(~v) =

1
Nesc
1√
2piσ
e−
|~v|2
2σ2 , |~v|< vesc
0, |~v|≥ vesc
(2.22)
where vesc corresponds to the velocity above which particles are no longer gravita-
tionally bound to the galaxy and would eventually escape. σ is the velocity disper-
sion related to the most probable velocity v0 ' 230 km s−1 and Nesc = erf(v/v0) −
2pi−1/2(v/v0)e−v
2/v20 . Although the Dark Matter velocity and density distribution of
galaxies cannot easily be determined, it turns out N-body simulations have been play-
ing a significant role in shedding light on these aspects over the past decades.
N-body simulations
The first N-body simulations on cosmological scales were considering only a component
of collisionless Dark Matter particles interacting via gravity [54], however they have
shown to be determinant to impose the cold Dark Matter as an essential ingredient for
the understanding of structure formation. Computational capabilities have improved
exponentially over the past decades, allowing to include semi-analytical models of
galaxy formation and to perform a complete hydrodynamical simulations including
baryonic effects such as supernovae explosion and Active Galactic Nucleus (AGN)
modelization. Recent simulations such as Illustris [55] or EAGLE [56] have shown to
reproduce numerically the cosmic web observed in the universe, the distribution of
galaxies in clusters, the star formation rate as well as element abundances on small
scales in a ΛCDM universe. In the 1990’s, based on the first improvements of N-body
cosmological simulations, Navarro, Frenk and White realized [57] that halos with sizes
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covering several orders of magnitude could be described by rescaling a single function7,
the so-called NFW profile:
ρNFW(r) =
ρs(
r
rs
) [
1 +
(
r
rs
)2] , (2.23)
which diverges in the limit r → 0 and decreases for large radii as ρ(r  rs) ∝ r−3
which is suppressed compared to the isothermal profile. More recent simulations [59]
have shown that halo densities could be described more accurately using the function
introduced by Einasto [60], the so-called Einasto profile
ρEinasto = ρs exp
(
− 2
α
[(
r
rs
)α
− 1
])
, (2.24)
However, this function contains one more free parameter α which has to be adjusted to
account for the diversity in the simulated halos. In addition, a comonly used profile,
the so-called Burkert profile [61], is motivated by rotation curves measurements of
dwarf galaxies and has the following shape
ρBurkert(r) =
ρs(
1 + r
rs
) [
1 +
(
r
rs
)2] . (2.25)
This profile reproduces a flat profile in the inner part of the halo but decreases more
sharply at high radii ρ(r  rs) ∝ r−3. The various density profiles discussed in this
section are shown in Fig. 2.7 on the left pannel in the Milky-Way case, showing in
particular the behavior at low radius. Additional features should be present in a more
realistic halo model for instance clumps, as remnants of galaxy merging processes,
resulting in localized Dark Matter overdensities. The velocity distribution can be
inferred from simulations and compared to the expected Standard Halo Model distri-
bution as shown in Fig. 2.7. It turns out the overall distribution of Milky-Way like
galaxies are close to a Maxwellian distribution. However deviations can be observed.
In particular numerical simulations have shown to generate distribution tails which
are less suppressed compared to the Maxwellian case. This can be interpreted as non-
equilibrium processes interfering with galaxy formation, such as galaxy merging effects
or tidal disruption of the galactic halo, slightly affecting the expected Maxwellian dis-
tribution.
The local Dark Matter density
Local Dark Matter density measurements present a strong challenge as direct detection
experiments sensitivity depends on its value, as discussed in Sec. 4.1. One method
used to derive the Dark Matter density in the solar system is to use the Milky Way’s
rotation curve as performed in [64–66]8. Even though the results depend slightly
7Actually, it is a spherically averaged radial density profile as Dark Matter halos are found to be
triaxial [58].
8For futher reading, a detailed review can be found in [67].
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Figure 2.7 – Left: NFW, Einasto, Isothermal and Burkert galactic Dark Matter
density profile using α = 0.17 and rs = {24.4, 28.4, 4.3, 12.6} kpc respectively. The
profiles are normalized for the Milky-Way such that ρ = 0.3 GeV cm−3 and
r = 8.33 kpc. Right: The black line shows the standard halo model distribution
with v0 = 230 km s−1 and the colored dashed lines the best-fit Maxwellian
distributions corresponding to the values generated for two different MW like
galaxies from the APOSTLE IR simulations [62]. Figure taken from [63].
on the assumptions made in the derivation, recent measurements seem to converge
toward a value of the order of ρ ∼ 0.4 GeV cm−3. A Bayesian analysis based on
several dynamical observables for the Milky-Way [68] provided an estimation of the
local density assuming a NFW profile:
ρ = 0.39± 0.025 GeV cm−3 . (2.26)
In a more recent analysis [69], measurements of the local DM density are found to be:
ρ = 0.46+0.07−0.09 GeV cm−3 . (2.27)
The Gaia satellite [70] is expected to catalogue the positions and velocities of billions
of stars in the galaxy and therefore should permit the local Dark Matter density to be
measured with increased precision in the following years.
Conclusion
In this chapter we discussed the several evidences and observations that have driven
(most of) the scientific community to admit the presence of Dark Matter. Notably,
we discussed the presence of Dark Matter on different physical scales based on gravi-
tational lensing observations, measurements of the CMB anisotropy map, the matter
power spectrum and rotation curves of galaxies. In the last section we discussed the
role of N-body simulations in establishing the Dark Matter as an essential ingredient
of structure formation. In the next chapter we discuss elements related to the particle
interpretation of the dark component of our universe.
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The particle hypothesis
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The aim of this chapter is to present an overview of a class of solutions to the missing
mass issue presented in the previous chapters, which assumes that the Dark Matter
component of our universe is made of particles. First, we start by describing the cur-
rent landscape of the established Standard Model of particle physics before motivating
the need to go beyond. In the following sections, we present one of the most motivated
mechanism to produce the Dark Matter density as well as some of the most popular
particle physics models. For completeness, we also present the most common alterna-
tive solutions as well as constraints and arguments against the particle hypothesis.
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3.1 The Standard Model of Particle Physics
The Standard Model of particle physics provides a modern description of the strong,
weak and electromagnetic interactions. It describes in an elegant way how interactions
between quantum fields, mediated by gauge bosons, emerge from the concept of local
gauge invariance and Lorentz invariance. The Standard Model is a renormalizable
Quantum Field Theory (QFT) implying that the experimental determination of a finite
set of parameters is sufficient to theoretically predict observables up to any arbitrary
large order in perturbation theory. However, the Standard Model is not valid up to
infinite energy as it does not embed a proper quantum description of gravity. Therefore
a natural energy cutoff of this theory is expected to be around the Planck scale, where
gravitational corrections are expected to become significant. In the Standard Model,
elementary matter constitutents are described by chiral fermionic fields charged under
the local gauge group:
GSM = SU(3)c ⊗ SU(2)L ⊗ U(1)Y , (3.1)
where SU(3)c is associated to Quantum Chromodynamics, SU(2)L to the weak isospin
and U(1)Y to the hypercharge. In addition, it relies on the Higgs mechanism in order
to describe the spontaneous breaking of the electroweak symmetry and the generation
of masses of most of the particle content of the Standard Model. The full Lagrangian
of the Standard Model can be expressed as a sum of four terms:
LSM = Lgauge + Lfermion + Lscalar + LYukawa , (3.2)
where each term will be explicited in the following.
3.1.1 The Standard Model Langrangian
The Gauge sector
Twelve gauge fields are present in the SM which are spin-1 bosons mediating the
Standard Model interactions: eight gluons Gaµ(a = 1, ..., 8) and three electroweak
fields W aµ (a = 1, ..., 3) transforming respectively under the adjoint representation of
SU(3)c and SU(2)L and one hypercharge field Bµ. The SU(N) non-abelian gauge
group generators TN obey the following Lie algebra relations:
[T a2 , T b2 ] = iεabcT c2 , and [T a3 , T b3 ] = ifabcT c3 , (3.3)
where εabc and fabc are called the structure constants of the SU(2)L and SU(3)c groups.
The SU(2)L generators are given by T a2 = (1/2)σa where σa are the three Pauli
matrices:
σ1 =
0 1
1 0
 , σ2 =
0 −i
i 0
 , σ3 =
1 0
0 −1
 . (3.4)
The generators T a3 can be represented as 3 × 3 matrices with similar properties and
are called Gell-Mann matrices. Field strength tensors of the gauge fields are defined
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U(1)Y SU(2)L SU(3)c
Qi 1/6 2 3
uiR 2/3 1 3
diR -1/3 1 3
Li 1/2 2 1
`iR -1 1 1
Table 3.1 – Charges of the Standard Model fermionic content. The index
i = 1, ..., 3 refers to the three generations. The bold notation used for the
non-abelian gauge group denotes the dimension of the representation.
by the following relations:
Bµν = ∂µBν − ∂νBµ , (3.5)
W aµν = ∂µW aν − ∂νW aµ + gεabcW bµW cν , (3.6)
Gaµν = ∂µGaν − ∂νGaµ + gsfabcGbµGcν , (3.7)
where g and gs are the electroweak and strong gauge couplings. From these definitions,
one can build a gauge invariant Lagrangian for the gauge fields including kinetic terms
and interaction terms, between non-abelian gauge fields, in the compact form:
Lgauge = −14BµνB
µν − 14W
a
µνW
µν,a − 14G
a
µνG
µν,a . (3.8)
Any mass term for the gauge fields is forbidden by the gauge symmetry structure. In
the following sections we will see how the Spontaneous Symmetry Breaking (SSB) of
the SU(2)L×U(1)Y gauge symmetry via the Higgs-Brout-Englert mechanism can lead
to the mass generation of the W± and Z gauge boson.
Quarks and leptons
The fermionic content of the Standard Model is devided intro three families of quarks
and leptons with identical quantum numbers as summarized in Table 3.1. Each gen-
eration contains SU(2)L singlets that are right-handed fields: uR, dR and `R and two
SU(2)L doublets:
Li =
 ν`i
`−i

L
, Qi =
 ui
di

L
. (3.9)
The gauge invariant kinetic and gauge interaction terms are given by the Dirac La-
grangian:
Lfermion =
∑
i=e,µ,τ
iLi /DLi +
∑
i=e,µ,τ
i`Ri /D`Ri +
∑
quarks
iqRi /DqRi +
∑
quarks
iQLi /DQLi , (3.10)
where we used the Feynman notation /D ≡ Dµγµ with Dµ the covariant derivative that
can be written after electroweak spontaneous symmetry breaking as:
Dµ = ∂µ − ig√2(σ
+W+µ + σ−W−µ )−
ig
2 cos θW
(σ3 − 2Q sin2 θW )Zµ − ieQAµ , (3.11)
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where Y is the hypercharge, σ± = 12(σ
1± iσ2) and the electric charge Q = T 3 + Y . A
mass term for any fermion Ψ should take the form:
L ⊃ mΨΨΨ = mΨ(ΨLΨR + ΨRΨL) . (3.12)
However because of the chiral SU(2)L charges assignment, gauge symmetry forbids
any mass term in the fermionic sector of the Standard Model. In the following section
we describe how the Higgs mechanism provides a theoretical explanation for the pres-
ence of massive fermions in the Standard Model while respecting the gauge invariance
condition.
The scalar sector
The price to pay to introduce masses for the weak bosons and fermions of the Stan-
dard Model is to allow for the breaking of the SU(2)L × U(1)Y gauge group. This
can be achieved, while ensuring the renormalizability of the theory, by invoking the
mechanism introduced independently by Higgs [71,72], Brout and Englert [73]. In this
mechanism, the symmetry transformation properties of the Lagrangian is maintained
but it is not respected by the ground state. This is achieved in the Standard Model
by introducing a complex scalar SU(2)L Higgs doublet Φ with hypercharge Y = 1/2
that can be written as a function of four real degrees of freedom φi(i = 1, ..., 4):
Φ = 1√
2
 φ1 + iφ2
φ3 + iφ4
 , (3.13)
The most general renormalizable kinetic and potential terms for this complex scalar
respecting the gauge invariance reads
Lscalar = (DµΦ)†(DµΦ)− V (Φ) , (3.14)
where DµΦ is the covariant derivative of the Higgs doublet with
Dµ = ∂µ − ig2 σ
aW aµ − ig′Y Bµ , (3.15)
where g′ is the gauge coupling associated to the hypercharge gauge group. V (Φ) is
the Higgs potential that can be parametrized by two parameters µ and λ, which are
dimension-1 and dimensionless respectively
V (Φ) = −µ2|Φ|2+λ|Φ|4 . (3.16)
The parameter λ has to be positive to ensure that the potential is bounded from below.
However if the parameter µ2 is positive, the minimum of the potential V (Φ) occurs
for a non-vanishing vacuum expectation value v
〈0|Φ†Φ|0〉 = v
2
2 , (3.17)
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where v can be computed by minimizing the Higgs potential v = µ/
√
λ. We can choose
a specific vacuum configuration by performing a gauge transformation and write the
vacuum expectation value of Higgs doublet as
〈Φ〉 = 1√
2
 0
v
 . (3.18)
We can rewrite the four degrees of freedom that we introduced as fluctuations around
the electroweak vacuum, three degrees of freedom as Goldstone bosons of the theory,
will be absorbed by gauge fields while generating their masses and one is called the
Higgs boson h used to parametrize the Higgs doublet in the unitary gauge
Φ = 1√
2
 0
v + h
 . (3.19)
Making explicit the covariant derivative from the kinetic terms of the Higgs doublet
in this parametrization leads to mass terms for 3 gauge fields W±µ and Zµ redefined in
the following way
W±µ =
W 1µ ∓ iW 2µ√
2
, (3.20)
and  Zµ
Aµ
 =
 cos θW − sin θW
sin θW cos θW
 W 3µ
Bµ
 , (3.21)
where we used the Weinberg angle θW defined as follow
tan θW ≡ g
′
g
. (3.22)
The masses of the elecroweak bosons can be related to the vacuum expectation value
and the Weinberg angle
mW =
gv
2 mZ =
gv
2 cos θW
and mA = 0 . (3.23)
A mass term for the Higgs boson is also generated after the electroweak SSB and reads:
mh =
√
2λv . (3.24)
Therefore all the physical masses of Standard Model bosons depends only on very few
parameters and they have been determined experimentally quite precisely over the
past decades [74] as:
mZ = 91.1876(21) GeV , mW = 80.385(15) GeV , mh = 125.09(24) GeV , (3.25)
The Yukawa structure
In the Standard Model the only gauge invariant Yukawa terms that one can write are
the following
LYukawa = −(y`)ijLiΦ`Rj − (yu)ijQiΦ˜uRj − (yd)ijLiΦdRj + h.c. (3.26)
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where we introduced the conjugate SU(2)L doublet Φ˜ ≡ iσ2Φ∗ with an hypercharge
YΦ˜ = −1 and couplings to up-type quarks yij are 3 × 3 complex matrices. After the
electroweak spontaneous symmetry breaking, in unitary gauge the Yukawa Lagrangian
reads:
LYukawa = −
(
v + h√
2
) [
(y`)ij`Li`Rj + (yu)ijuRidLj + (yd)ijdLidRj + h.c.
]
. (3.27)
A coupling between the Higgs boson and fermions is generated from the previous
term. The non-vanishing vacuum expectation values introduced flavor non-diagonal
mass terms that can be diagonalized by perfoming the following unitarity redefinition
of the fields
uLi → V iju uLj and dLi → V ijd dLj . (3.28)
From these unitarity transformations we can rewrite the charge current of the quarks
as
Jµ+ = 1√
2
uLiγ
µ(V †uVd)ijdLj + h.c. =
1√
2
uLiγ
µ(VCKM)ijdLj , (3.29)
where we introducted the Cabibbo-Kobayashi-Maskawa (CKM) matrix (VCKM)ij which
is flavor non-diagonal. The CKM matrix is almost diagonal and can be expressed as
powers of some small parameter λ ' 0.22 as
VCKM ∼

1 λ λ3
λ 1 λ2
λ3 λ2 1
 . (3.30)
Coming back to the Yukawa Lagrangian after the diagonalization of the mass matrix,
it can be written in the following form:
LYukawa ⊃ −
∑
Ψ=u,d,`
yΨv√
2
ΨLΨR + h.c (3.31)
where yΨ denotes the Yukawa couplings in the diagonal basis. The generated fermion
masses are then
mΨ =
yΨv√
2
. (3.32)
After diagonalization of the mass terms, the interaction term with the Higgs boson
becomes
LYukawa ⊃ −
∑
Ψ=u,d,`
h
mΨ
v
(
ΨLΨR + h.c.
)
, (3.33)
The previous formula is a strong prediction of the Standard Model showing that cou-
plings between the Higgs boson and fermionic states are proportional to their masses.
Often considered as the cornerstone of the Standard Model, the discovery of the Higgs
bosons in 2012 highlights the concistency and establishment of the Standard Model as
an accurate description of microscopic interactions.
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3.1.2 The need to go beyond the Standard Model
We presented the Standard Model as being a remarkable theory allowing for a descrip-
tion of microscopic processes occuring in our universe. However, the Standard Model
is far from being a complete theory and it is established that supplementary degrees
of freedom have to be introduced in order to solve inconvenient features discussed in
the following.
The hierarchy problem
Altough being a renormalizable theory, the Standard Model is not valid up to some
infinite scale as it does not embed a proper quantum description of gravitational in-
teractions. Therefore the Standard Model must be an effective theory valid up to the
Planck scale MPl ∼ 1019 GeV where we expect the degrees of freedom of some quantum
version of gravity to become relevant. In the Standard Model, masses of gauge bosons
and fermions mF are generated via the Higgs mechanism and can be written is the
schematic way:
mRF = mbareF + δmF , (3.34)
where mbareF denotes a bare mass term present in the Lagrangian, δmF the one loop
correction and mRF the renormalized value. Because a mass term is forbidden by the
imposed symmetries of the Standard Model and is generated via the Higgs mechanism,
its quantum corrections are proportional to the vacuum expectation value v of the
Higgs field and vanishes in the limit where the symmetry is restored v → 0, which
prevents quadratic or linear divergences such that δmF ∝ v log (Λ/mF ). Considering
the cutoff of the order of the Planck scale gives quantum correction δmF ∼ O(mbareF ).
However a mass term for the Higgs doublet is not forbidden by any symmetry, and as
a result the quantum corrections δmh of the Higgs mass are quadratically dependent
on the cutoff scale Λ. One of the leading contribution is given by:
δm2h ⊃ −
3y2t
8pi2 Λ
2 , (3.35)
with yt being the Yukawa coupling of the top-quark. In this case if we consider the
Planck mass as the cutoff scale of the theory, one would expect relative quantum
corrections to be roughly:
δmh
mh
∼ 1015 , (3.36)
which corresponds to an extreme fine tuning of 15 decimals between the bare mass
term and quantum corrections, required for the theoretical prediction to match the
experimentally measured value of the Higgs mass mh ' 125 GeV. Actually, taking a
cutoff of the order of the TeV scale already raises a fine tuning issue. This problem
is known as hiearchy problem and is a motivation to search for beyond-the-Standard-
Model physics at the TeV scale or above.
Neutrino masses
One important missing piece of the Standard Model is related to the fact that right-
handed neutrinos are not included in this theory. Indeed, in the SM, neutrinos only
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interact with left-handed currents through weak interactions. However it has been
established over the past few years that neutrinos oscillate and therefore, they have
to be massive. A global analysis of several experiments [75], including solar, acceler-
ator, atmospheric and reactor neutrino experiment, allowed to estimate the difference
squared mass ∆m2ij ≡ m2νi −m2νj , where i, j = 1, 2, 3 denote the mass eigenstate, as
∆m221 = 7.54× 10−5 eV2 ∆m231 = 2.47× 10−3 eV2 (normal)
∆m221 = 7.54× 10−5 eV2 ∆m213 = 2.42× 10−3 eV2 (inverted)
(3.37)
which depends on the hierarchy between masses m3 > m2 > m1 (normal) and
m2 > m1 > m3 (inverted). The unitary transformation performed to change from
the eigenstate to the mass basis is parametrized by the PMNS matrix similarly to
the CKM matrix in the quark sector. One of the easiest solution to explain neutrino
masses is to introduce three right-handed neutrinos νR singlet under the SM gauge
groups such that one can write a term similar to the quark sector
L ⊃ ∑
i=e,µ,τ
yνijLiΦνRj + h.c. ⊃
∑
i=1,2,3
−mνiνRiνLi . (3.38)
After electroweak spontaneous symmetry breaking, masses are generated for the three
neutrino generations. However, in order to generate such a large hiearchy between
the Higgs mass and the neutrino masses, the Yukawa couplings have to be extremely
small yνij ∼ mν/v . 10−10 which could seem unatural. Therefore, in order to avoid
invoking such small numbers, one could consider large Majorana masses MM for the
three right-handed neutrinos and Dirac masses mD such as1
L ⊃ −12MMν
c
RνR −mDνRνL + h.c. . (3.39)
This term is allowed by gauge symmetries but would imply a lepton-number violation
by generating a low energy gauge invariant dimension-5 effective operator, known as
Weinberg operator [76]
O5 = 1
MM
(
LcLΦ∗
) (
Φ˜†LL
)
⊃ v
2
MM
νcLνL . (3.40)
which generates a Majorana mass term for the left-handed neutrinos after spontaneous
symmetry breaking. This can be shown considering the mass matrix
L = 12
(
νL ν
c
R
) 0 mD
mD MM
 νL
νcR
+ h.c. , (3.41)
whose eigenvectors are Majorana fields corresponding to the eigenvalues m ' m2D/MM
and M ' MM in the limit where MM  mD. Thefore the large Majorana mass term
of the right-handed neutrinos would explain the hierachy between the Higgs mass and
the neutrino masses without introducing very small Yukawa couplings, also known as
the see-saw mechanism. This framework has widely been studied [77, 78] and many
extensions [79] have been considered invoking a higher number of degrees of freedom
and usually new physics at the TeV scale or higher.
1We remove flavor indices for clarity but the generalization is straightforward.
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The gauge coupling unification
One argument to look for supplementary degrees of freedom at high energy is based on
the fact that when looking at the running of the Standard Model gauge couplings, as
depicted in Fig. 3.1 at the one loop level, one can realize that the three gauge couplings
seem to converge toward the same value.
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Figure 3.1 – One loop Renormalization Group Equation evolution of the gauge
coupling constants of the Standard Model with the energy scale µ. The parameter αi
is related to the gauge coupling gi through αi = g2i /4pi
This motivates beyond-the-Standard-Model constructions such as Grand Unifica-
tion Theories for instance which are theories considering an extended gauge structure
at high energies which contains the SM gauge group and therefore, unifying the known
microscopic interactions.
3.2 Dark Matter thermal production : the WIMP
miracle
In the previous section we exposed some arguments motivating the need to look be-
yond the Standard Model and to introduce new degrees of freedom. In the case where
some of these supplementary degrees of freedom would play the role of the Dark Mat-
ter, one could ask the questions: Why the Dark Matter density is the one observed
nowdays? How can it be generated? One possibility to account for the Dark Matter
relic abundance is to assume that the evolution of the Dark Matter particles has fol-
lowed a story similar to the Standard Model particle content. Because of the weak
interactions with Standard Model particles that the Dark Matter must manifest ac-
cording to experimental suggestions, one may assume that the Dark Matter is made
of Weakly Interacting Massive Particles (WIMPs) formely in thermal equibrium with
the SM bath, that decoupled at some early stage of the universe. This idea emerged
in the 1980’s and remains at the present time the most common paradigm to explain
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the Dark Matter relic abundance2. Assuming a primordial thermal contact between
SM and DM particles, the DM number density evolution with time depends on the
Hubble expansion and possible annihilation/creation processes involving DM particles.
Considering for instance a process χ + χ↔ ψ + ψ where χ is a DM candidate whose
mass mχ ∼ GeV-TeV and ψ is a SM field, the Dark Matter density evolution is given
by the Boltzmann equation3
dnχ
dt + 3Hnχ = −〈σv〉(n
2
χ − n2χ,eq) , (3.42)
where 〈σv〉 is the velocity averaged annihilation cross section of the process χ + χ→
ψ+ψ and nχ,eq is the expected DM density in case of thermal equilibrium with ψ, i.e.
if DM pair annihilation and creation occur at the same rate. The left-hand side of this
equation represents the evolution of DM density in the case where interaction processes
are negligible, i.e. the right-hand side vanishes, then the Dark Matter density would
evolve according to the Hubble expansion nχ ∝ a−3. The right-hand side terms tend
to ensure thermal equilibrium between DM and SM particles, and lead the DM density
to evolve according to its thermal distribution. However, since nχ,eq ∝ T 3/2e−mχ/T in
the non-relativistic regime, the interaction rate would become suppressed at T ∼ mDM
compared to the Hubble expansion rate, resulting in a freeze-out of the Dark Matter
density.
The Boltzmann equation can more suitedly be expressed by defining the yield Yχ ≡
nχ/s as the ratio of the DM number density over the SM entropy density, which is a
quantity proportional to the comoving number in the radiation domination era, and
using the variable x ≡ mχ/T yields
dYχ
dx = −
〈σv〉s(x)ξ(x)
H(x)x (Y
2
χ − Y 2χ,eq) , (3.43)
where the function ξ(x) ∼ 1 corresponds to the temperature variation of the effective
number of relativistic degrees of freedom:
ξ(x) ≡ 1− 13
d log g?,s
d log x . (3.44)
Neglecting temperature variation of g?(,s) allows to write the Boltzmann equation in
the compact form
dYχ
dx = −〈σv〉
κ
x2
(Y 2χ − Y 2χ,eq) with κ ≡
g?,s
g
1/2
?
2
√
2pi
45 MPlmχ . (3.45)
Assuming that 〈σv〉 does not depend on the temperature4, this equation can be in-
tegrated numerically as shown in Fig. 3.2 where several solutions corresponding to
different values of 〈σv〉 are depicted. This figure shows that the yield follows at first its
thermal expected value when the DM becomes non-relativistic and after x ∼ 10− 20
the yield Yχ remains constant over time. A large annihilation cross section implies
smaller values of the yield at the present time because the annihilation process would
be more efficient. In order to estimate the DM relic density expected from the Boltz-
2For further reading, reviews can be found in [7, 80–82].
3Details regarding the derivation and resolution of this equation are given in Sec. A.1.
4This assumption is not always satisfied, a more detailed treatment can be found in Sec. A.1.
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Figure 3.2 – Evolution of the Dark Matter yield Yχ as a function of the variable x,
growing with time. The dashed blue, orange and red curves are numerical solution of
Eq. (3.45) for several values of 〈σv〉 and the dotted black line is the thermal yield
distribution.
mann equation at the present time, we can integrate from the freeze-out time xF until
the present time in the approximation of instantaneous freeze-out where we assume
the term Yχ,eq exponentially suppressed to be negligible with respect to Yχ for x > xF
which yields:
1
Yχ,∞
− 1
Yχ(xF)
= 〈σv〉κ
xF
, (3.46)
where Yχ,∞ denotes the DM yield at the present time. Considering that the DM yield
dropped substantially since the freeze-out time, we can neglect the second term in the
left-hand side and we obtain the following expression:
Yχ,∞ ' xF
κ〈σv〉 . (3.47)
Then we can deduce the DM relic density at the present time
Ωχh2 =
mχs0Yχ,∞h2
ρ0c
= xF
κ〈σv〉
mχs0h
2
ρ0c
, (3.48)
where s0 and ρ0c are the entropy density and the critical density at present time. The
ratio of these quantities is s0/ρ0c ' 2.5×108 GeV−1h−2. In order to derive a numerical
result for the relic density we can estimate the value of xF by considering the freeze-out
time as the instant where the expansion rate becomes of the order of the interaction
rate
H(xF) = 〈σv〉neq(xF) , (3.49)
which gives xF as the solution of the transcendental equation:
xF ' log
(
3
√
5MPlmχ〈σv〉√xF
2pi5/2√g?
)
. (3.50)
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This equation shows that the freeze-out time depends only mildly on the particle
physics input and an approximated solution is given by xF ∼ 20, confirming our
hypothesis of non-relativistic decoupling. Using this value, an estimation of the relic
density at the present time is given by
Ωχh2 ' 0.1
(
mχ
100 GeV
)(3× 10−26 cm3s−1
〈σv〉
)
. (3.51)
This expression shows the relation between the particle physics input, i.e. the an-
nihilation cross section and Dark Matter mass, and the value of the energy density
on cosmological scales. The fact that a DM mass of the order of the electroweak
scale mχ ∼ 100 GeV and a typical electroweak cross section σ ∼ g4m2DM/m4Z ∼
10−9 GeV−2 ' 10−26 cm3 s−1 lead to the observed DM relic density is known as the
WIMP miracle and is considered as a strong motivation to study electroweak-scale
based DM models. Such a typical electroweak cross section would confirm our initial
hypothesis of thermal equilibrium and ensure the theoretical consistency of the freeze-
out mechanism. However the cross section value required to match the computed Dark
Matter density to its observed value would be different in a couple of cases, for instance
if some particle participates in the Dark Matter annihilation process, known as co-
annihilation [83]. Public codes such as MicrOMEGAs [84], DarkSUSY [85] or Gambit [86]
allow for numerical treatment of the Boltzmann equation and relic density computa-
tion for a given model. An important point about the freeze-out mechanism is that
it does not rely on any specific assumption regarding the prior Dark Matter history
before thermalization with the Standard Model particle content. As long as the ther-
malization condition is satisfied at some stage in the radiation domination era, this
mechanism can be applied independently of the post-inflation history of the universe.
3.3 Beyond the Standard Model candidates
In the previous section we discussed about the necessity to enlarge the Standard Model
particle content and how the Dark Matter could be produced thermally via the freeze-
out mechanism. In this section we present some concrete realizations of these ideas by
exposing beyond-the-Standard-Model famous theoretical constructions adressing the
Dark Matter puzzle.
3.3.1 Neutrinos as Dark Matter
In the Standard Model, the only particles possessing all the required properties to be
considered as a viable Dark Matter candidate are neutrinos as they are stable, neutral
and massive. As discussed in Sec. 1.2.2, the neutrino temperature is of the order of the
photon temperature and as neutrinos are non-relativistic nowdays, one can estimate
their current density as:
Ωνh2 =
∑
imνi
94 eV . (3.52)
However experimental results suggest that neutrino masses have to be smaller than
the eV scale implying that they can contribute to the Dark Matter density up to
10% at most. Since neutrinos decoupled while being relatistic, even though they are
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non-relativistic at the present time, their phase space density still has the shape of a
Fermi-Dirac distribution meaning that neutrinos are contributing as a hot component
to the Dark Matter density.
Assuming that some extra heavy singlet state N mixes with Standard Model neutrinos
with an angle θα (α = e, µ, τ), known as sterile neutrino, the state N can play the role
of the Dark Matter providing that its lifetime is larger than the age of the universe as
N can decay to N → ν+γ via loop induced processes. Sterile neutrinos are viable DM
candidates and typically have masses of the order of the keV scale mN . 10 keV and
a mixing angle θα . 10−9 in order to evade bounds from a plethora of constraints [87],
depending on the exact production mechanism.
3.3.2 Supersymmetric candidates
Supersymmetry (SUSY) has been initially introduced as a solution to the hierachy
problem. The main idea is to introduce a new symmetry protecting the loop corrections
of the Higgs mass to quadratically diverge with the energy cutoff of the theory. A
supersymmetry transformation turns a bosonic states into a fermionic state and vice
versa. For instance in the Minimal Supersymmetric Standard Model (MSSM), each
of the fermionic (bosonic) Standard Model particle possesses a bosonic (fermionic)
superpartner with identical charge assignment, with a particle content augmented by
a second Higgs doublet and associated superpartner. However if supersymmetry were
an exact symmetry we should expect particles and their superpartner to be degenerate
in mass but since such particles have not been discovered yet, supersymmetry must
be broken in some way. If supersymmetry is broken softly at the TeV scale, one could
still naturally solve the hierarchy problem by generating quantum corrections to the
Higgs mass depending logarithmically on the cutoff scale of the theory.
In order to forbid fast proton decay mediated by some superpartner, highly unfavoured
by experiments, an additional discrete symmetry called R-parity is introduced whose
conserved number can be expressed for each particle as:
RP ≡ (−1)3(B−L)+2s , (3.53)
where B and L are the baryon and lepton number and s is the spin of the particle. As
a result, particles of the Standard Model possess a charge RP = +1 and their super-
partner RP = −1 implying that every interaction vertex contains only an even number
of superparners allowing for the Lightest Supersymmetric Particle (LSP) of the theory
to be stable and thefore to be a viable Dark Matter candidate. In the MSSM, the
four fermionic neutral superpartner B˜0, W˜ 0, H˜0u and H˜0d associated to the electroweak
neutral gauge fields and the Higgs doublets mix to give the neutralinos χ˜01, χ˜02, χ˜03 and
χ˜04. As the lightest neutralino is stable and features electroweak interactions, with a
mass expected of the order of the TeV scale, it possesses all the required properties
to be a viable WIMP candidate. Direct detection experiments have already excluded
some part of the available parameter space in phenomenological versions of the MSSM
but there is still some parameter space compatible with the requirement of generating
the correct relic density [80,88].
Another category of potential supersymmetric Dark Matter candidate is the super-
partner of the left-handed neutrinos, the so-called sneutrinos. However this candidate
has sizable interactions with the Z-boson implying a large expected direct detection
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cross section in contradiction with experimental results, therefore ruling out this kind
of particle as a solution to the Dark Matter problem.
Supersymmetry can be promoted to a local symmetry and in this case a spin-3/2 su-
perpartner of the graviton called gravitino is present in the theory featuring Planck
suppressed interactions. Gravitinos with very large masses could be produced in high-
scale SUSY models from the SM thermal bath via gluon fusion at temperature close to
the reheating temperature [89]. In TeV SUSY frameworks, LSP gravitinos with masses
typically of the order of the GeV scale could be produced via gluon fusion or from the
decay of the Next-to-LSP (NLSP) [90]. However gravitinos cannot be arbitrary light
as NLSP decays to gravitinos might significantly alter BBN.
3.3.3 Axions and Axion-like particles
The QCD axion
The QCD axion was introduced for the first time by Peccei and Quinn in 1977 [91] as
a solution to the strong CP problem. In the Standard Model the only source of CP
violation is expected as a phase in the CKM matrix, however it was realized in the
70’s that a non-perturbative CP violating term must be included in the QCD sector of
the SM Lagrangian generated by non-trivial topological configurations of the vacuum
L ⊃ θQCDαs8piG
µν,aG˜aµν , (3.54)
where θQCD is a parameter and G˜aµν = (1/2)εµνρσGaρσ is the dual gluon field strength
tensor. However strong experimental bounds from the measurement of the neutron
electric dipole moment |dn|. 3×10−26 e cm [92] are pushing the value of θQCD towards
unaturally small values θQCD . 10−10, known as the strong CP problem. Therefore
Peccei and Quinn suggested an elegant method to cancel this term in a dynamical
way. They considered a global U(1)PQ symmetry and the would-have-been Nambu-
Goldstone boson associated to the global spontaneous symmetry breaking is called
the axion a. However since this symmetry is broken explicitely by chiral anomalies
generated by triangle diagrams, a becomes a pseudo Nambu-Goldstone boson and a
additional term has to be considered in the Lagrangian
L ⊃ a
fPQ
αs
8piG
µν,aG˜aµν , (3.55)
where fPQ is the U(1)PQ breaking scale. This term corresponds to a potential term
generated by instanton effects for a which is minimized by the vacuum expectation
value
〈a〉 = −θQCD · fPQ . (3.56)
For this vacuum configuration the θQCD is cancelled dynamically and the strong CP
problem is solved. The mass of this light pseudo-scalar can be related to its coupling
to matter ∝ 1/fPQ as
ma ' 6 meV
(
109GeV
fPQ
)
. (3.57)
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Due to mixing with neutral pion, the QCD axion would couple to a pair of photons
L ⊃ −gaγ4 aFµνF˜
µν , with |gaγ| = 10−12 GeV−1
(
109 GeV
fPQ
)
. (3.58)
The QCD axion has been considered as a Dark Matter candidate whose relic den-
sity can be achieved with a thermal or non-thermal production. The thermal QCD
axion production would be essentially similar to the standard freeze-out mechanism
and would require a sizable coupling to the SM particles in order to ensure thermal
equilibrium in the early universe, leading to an axion mass too large to be com-
patible with the large scale structure formation. Another possibility for considering
QCD axion as Dark Matter would be to produce it through the vacuum misalignment
mechanism (MIS). Assuming that the breaking scale fPQ is large, when the tempera-
ture of the universe cooled down and reached T ∼ fPQ, the axion potential adopted
the form of a mexican-hat similar to the Higgs potential in the SM. However, when
T ∼ ΛQCD ∼ 200MeV, instanton effects would break the U(1)PQ symmetry and the
mexican-hat potential would tilt in such a way that only one vacuum configuration is
stable, i.e. the configuration providing for a cancellation of the θQCD term. The QCD
axion field would coherently oscillate around the minimum of its potential forming
a Bose-Einstein condensate while its kinetic energy would contribute to the energy
density of the universe, whose value at the present time is given by
Ωah2|MIS' 0.11
(
40 µeV
ma
)1.19
. (3.59)
Even though the mass of the axion is very light compared to other common Dark
Matter candidates, it would still behave as a cold Dark Matter component.
Axion-like particles
Similar axion-like particle (ALPs) constructions can be formulated as generalizations
of the Peccei-Quinn idea where the axion mass and coupling are independent. Strong
constraints are set by cosmological and astrophysical arguments as well a dedicated
experiments [93]. In this context ALPs could be a viable cold Dark Matter candidate
while evading current bounds for couplings . 10−13 GeV and masses . 100 eV.
One specific interesting scenario dubbed fuzzy cold Dark Matter [94] considers an
extremely light ALP particle with a mass ma ∼ 10−22 eV. This was initially moti-
vated by a discrepancy existing between ΛCDM predictions and N-body simulations as
discussed in Sec. 3.5.1. These very light particles would form a Bose-Einstein conden-
sate on galactic scales while being stable due to the Heisenberg uncertainty principle.
Therefore, free oscillations are leading to suppression of small-scale structures present
in galaxies below the Jeans scale rJ ∼ 50 kpc for ma ∼ 10−22 eV while behaving as a
cold Dark Matter component on larger scales.
3.3.4 Extra dimensions
In some theories, the possibility of having more than four dimensions is considered.
In particular, in the Universal Extra Dimensions (UED) framework all the particles of
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the Standard Model are free to propagate in all the dimensions. Assuming only one
single extra dimension compactified on a physical scale R implies a quantization of
the momentum in the fifth dimension that can be seen as an apparent mass term in
four dimensions. Therefore, a KK-tower of particles with identical quantum numbers
but different masses is expected for each particle present in the 4-dimensional theory,
whose masses are given by
mn =
√
(n/R)2 +m20 , (3.60)
where m0 is the mass of the zero mode and n an integer. A conserved quantity called
KK-parity is the consequence of momentum conservation in the extra dimension and as
R−parity is supersymmetry, KK-parity would prevent the lightest Kaluza-Klein mode
from decaying. In this framework, the first massive KK mode of the hypercharge
field B1 is a good Dark Matter candidate and could be produced via the freeze-out
mechanism for a mass of the order of the TeV scale [95].
Another possibility is to consider the first massive KK mode associated to the graviton
as a viable Dark Matter candidate. In this case the DM would only interact via gravity
with the Standard Model and its density can be generated via non-thermal processes.
3.4 Alternative solutions to collisionless cold dark
matter
In the previous section we discussed particle physics interpretation of the dark matter
problem, in the following section we expose the current status of the most popular
alternative solutions.
3.4.1 Modified gravity
Modified Newtonian Dynamics (MOND)
One of the first idea that one could think of when looking at the evidences in favour
of the exitence of dark matter is that our current theory of gravity is not correct or
at least must be different on some scales. This idea was exploited by Milgrom in
the 1980’s [96] by considering a modified version of Newton’s theory of gravity in the
low-acceleration regime :
mµ
(
a
a0
)
~a = ~F (3.61)
where a0 is a constant, the function µ(x) → 1 when a  a0 and µ(x) → x when
a  a0. a0 was determined later on by studying rotation of galaxies [97] as one
expect the assymptotic circular velocity of stars to be V 4∞ = a0GNM in a host galaxy
of mass M which corresponds to the relation expected according to the empirical
Baryonic Tully-Fisher Relation (BTFR) as discussed in Sec. 3.5.3. Milgrom estimated
a0 ' 10−8 cm2 s−1 by comparing its theory to the mass-luminosity ratio in a sample
of galaxies. Recently, velocity dispersion studies of the NGC1052–DF2 galaxy have
been perfomed showing a value compatible with a ratio of total matter over luminous
matter to be of the order of one, implying that no dark matter halo is present in this
galaxy [98]. This isolated observation challenges modified gravity scenarios which are
expected to yield the same effect in galaxies with similar characteristics. However a
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galaxy only made of baryons is possible in the cold dark matter context depending
on its astrophysical history. Recently, it was shown that even if this observation is
in tension with MOND, the discrepancy remains reasonable and does not exclude the
MOND framework [99]. One convincing argument usually employed against modified
gravity extensions is the Bullet Cluster as discussed in Sec. 2.4 to assert the existence
of dark matter. Indeed, one striking argument regarding this merging cluster event is
that even though most of the mass is in the form of hot intra-cluster gas whose shape
does not seem spherially symmetric, the lensing map seems spherically distributed and
seems to match the location of the galaxies in the cluster. One might argue that a
lensing map analysis should be performed in a specific theory in order to conclude.
A gravitational wave analysis in similar events have been performed in the MOND
context and a dark halo is still necessary in order to explain observations [100].
Tensor-Vector-Scalar theories
The Tensor-Vector-Scalar (TeVeS) was proposed by Bekenstein as a relativistic gen-
eralization of the MOND theory [101]. One of the main aspect of this theory is that
the geometrical part of the Lagrangian is composed of the Einstein-Hibert Lagrangian
with a metric gµν as General Relativity but the matter lagrangian is constructed with
a physical metric g˜µν such that
g˜µν = e2φgµν − 2AµAν sinh(2φ) (3.62)
where φ and Aµ are respectively scalar and vectors fields. Varying the action with re-
spect to gµν gives some relation between the Einstein tensor and the energy-momentum
tensor similar to Einstein equations except some terms that depends on the scalar and
vectors degrees of freedom introduced. Therefore in the low gravitational potential
regime, one expects Newtonian dynamics to be modified according to those extra
terms. However, it was shown that cosmological probes such as the CMB spectrum
could not be explained in this framework without adding new degrees of freedom,
rendering this theory much less appealing [102]. The recent observations a gravita-
tional wave signal GW170817 from the coalescence of binary neutron stars by the
LIGO collaboration [13] were used to constrain modified-gravity based interpretation
of dark matter [103] by computing the expected Shapiro time delay5 caused by the
dark matter density along the line of sight. This time was compared to the delay
between the gravitational wave signal and γ-ray signal in order to place constraints
on the violation of the weak equivalence principle which is expected to be the case in
some modified gravity such as TeVeS. It turns out General Relativity still provides an
accurate description of gravity, therefore this constraint has been shown to exclude
TeVeS as a possible interpretation of the dark matter.
Emergent gravity
Emergent gravity has been proposed by Eric Verlinde as a theoretical idea that space-
time and gravity emerge from an underlying microscopic theory [104]. Based on en-
tropy considerations, he argued that a new dark gravity force must be present and
5time delay experienced by following a geodesic with or without a massive object nearby.
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could explain the issues currently attributed to the dark matter. In this setup one
would expect the total centripetal acceleration gt in a spherically symmetric system
to behave as [105]
gtot = gb
(
1 +
√
a0
gb
√
1 + GN
gbr
∂Mb
∂r
)
(3.63)
where Mb is the baryonic mass, gb the acceleration due to the baryonic contribution,
a0 some acceleration scale a0 ∼ cH0 and r the radial distance from the center of the
system. However it was shown in [105] that predicitions from emergent gravity are in
tension with expectations from the empirical Mass-Acceleration Discrepancy Relation
as discussed in Sec. 3.5.3. Therefore this theory is unlikely to account for the dark
matter presence in our universe.
3.4.2 Baryonic DM candidates
One simple possibility to explain the dark matter in our universe is to suppose that it
is actually made of interstellar medium gas that is not emitting a substantial amount
of light but whose abundance is underestimated. In this case, one would expect cosmic
rays to interact with the gas, emitting pions which will eventually decay to γ-rays that
should be observed by current experiments. However, as shown in [106], the fraction of
interstellar gas is severely constrained from γ-ray flux observations and cannot account
for the dark matter.
Massive astrophysical compact objects
Massive astrophysical compact objects (MACHOs) have been suggested as a potential
category of dark matter candidates composed of heavy astrophysical dim objects such
as brown dwarfs, remnants of early stars, neutron stars or black holes, as discussed
further on. In order to observe this kind of objects, microlensing techniques have been
employed. Microlensing effects of MACHOs consist of a magnification of the observed
flux of some luminous object caused by a MACHO of mass M crossing the line of sight
for a typical time
t ∼ 100 days
(
M
M
)1/2
(3.64)
allowing to potentially observe microlensing effects [107, 108] for objects of masses
M ∈ [10−7, 102]M. This strategy was employed successfully by the EROS, MACHO,
OGLE, MOA and SuperMACHO colaborations. EROS-2 excluded [109] MACHOs in
the following mass range
0.6× 10−7M < M < 15M (3.65)
However, a more recent analysis [110] in light of updated Milky Way halo data from
rotation curves, has shown looser constraints which actually depends on the mass
distribution of these objects such that masses M ∼ M are still allowed as possible
explanation of dark matter but monochromatic interpretations seem in tension with
these limits.
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Primordial Black Holes
Primordial Black Holes (PBHs) are a particularly interesting subcategory of MACHOs.
The possibility of forming PBH from gravitational collapse initiated by overdensities
in the early universe was suggested by Carr and Hawking in 1974 [111]. Hawking
published his famous 1974 paper [112] on particle production by black holes, the so-
called Hawking radiation, implying that a black hole would totally evaporate on a time
scale
t ∼ 1064 years
(
M
M
)3
(3.66)
Therefore black holes with masses M . 10−18M which formed in the early universe
must have been evaporated entirely by the present time. For large PBHs masses, dis-
torsion effects are expected in the CMB [113], thefore masses M & 5M are disfavored.
For black hole masses M & 10−18M, PBH capture by white dwarfs or neutron star
are expected to destroy their host structure in a short amount of time, therefore a large
abundance of PBH would not allow for the observation of these star remnants which
constrains PBH as dark matter interpretation [114]. As a result, the only remaining
window lies for masses M ∼M in order to explain the total dark matter density with
PBH, which interestingly is the mass range corresponding to those of the black hole
merger observed by the LIGO collaboration recently [13]. A recent study [115] have
shown that the non-observation of gravitational waves with LIGO implies constraints
on the PBH abundance ΩPBH/ΩDM . 10% for M ∈ [0.5M, 50M]. As a summary,
PBHs are perhaps the best-motivated MACHO candidate in spite of strong constraints
over a large mass range. PBHs are still possible dark matter candidates but the vi-
able mass range remains quite narrow and should be accessible by gravitational waves
experiments in the future.
3.5 Controversies within ΛCDM
ΛCDM has shown to be an appealing and accurate model, facing numerous experimen-
tal constraints. However, some experimental results are still not completely understood
in the context of ΛCDM or based on simulations. In this section we review some of
the dark matter related controversies within the ΛCDM landscape.
3.5.1 Small scales controversies
The so-called small-scales controversies denote a series of observed discrepancies be-
tween astrophysical measurements and ΛCDM-based N-body simulations that appear
on galactic scales6.
• The cusp-core problem [119] is related to the fact that in some galaxies, the inner
part of rotation curves can be better fitted with a cored profile such as isothermal
than by the NFW profile as suggested by simulations, which is steeper at small
radius and therefore implies a larger predicted amount of dark matter in the
inner region of galaxies.
6For futher reading, detailed reviews can be found in [116–118]
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• The too-big-to-fail problem [120]: subhalos predicted by simulations in Milky-
Way like galaxies are too dense and massive to host the brightest Milky Way
satellites and they shouldn’t have failed forming more stars. It can be related
to the cusp-core problem, ΛCDM-based simulations seem to predict a larger
amount of dark matter in halo and subhalos.
• The missing satellite problem [121]: Simulations predict a larger number of satel-
lite galaxies that is actually observed in the Wilky Way. However he discrepancy
have been reduced over the past year by discovering more satellites to ∼ 50 ob-
served and ∼ 100 expected satellites from simulations. It was shown in a recent
study [122] that this problem might be solved if the Mily Way were populated
with lower mass satellites M ∼ 108M which are not efficient in forming a lu-
minous component and therefore more difficult to observe.
3.5.2 Solutions to the small-scale controversies
In this subsection we discuss potential solutions to the small-scale controversies within
the ΛCDM cosmology.
Warm dark matter
One possibility in order to solve at least the Missing Satellite problem is to consider
Warm Dark Matter. If dark matter particles are relatistic when the photon temper-
ature is T ∼ 1 keV, the DM is considered as hot and in this case the formation of
the large scale structures of the universe would follow a top-down pattern, i.e. the
large clusters would form before galaxies. Otherwise if the DM is non-relativistic at
T ∼ 1 keV, it is considered as cold and formation of structures would take place in the
opposite order (bottom-up). Cold dark matter has been shown to be favourized by N-
body simulations to reproduce our observable universe. Warm dark matter candidates
have typically masses of the order of ∼ 1 keV and decouple from the SM thermal bath
while being still relativistic whereas they are non-relativistic at the time of matter-
radiation equality. The main effect of WDM is that density perturbations with large
modes k & kFS are damped relative to the CDM case due to relativistic free streaming
effects where kFS can be estimated as
kFS ' 50 Mpc−1
(
mDM
2 keV
)(
TDM/Tν
0.2
)−1
(3.67)
which is expressed as a function of the neutrino and DM temperatures. Small WDM
masses can have a sizable impact on the Lyman-α forest [123] measurements and
therefore masses below mDM . 2 keV are excluded in the case of thermally produced
DM. However it was shown [124] that WDM cannot concistently solve the small-scale
crisis and evade bounds from the Lyman-α forest measurements.
Self interacting dark matter
Another possibility to explain cored dark matter profiles is to consider Self Interacting
Dark Matter (SIDM). In the inner region of halos, where the DM is the more present,
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a sizable self interaction cross section might wash out overdensities, resulting in a
cored profile. This effects has been shown by considering a self interaction cross
sections of the order of σself/mDM . 1 cm2 g−1 in simulations [125]. However based
on the observation of cluster merging event such as the Bullet Cluster, if the DM
particles possess a sizable self interaction cross section, one could expect an offset
between the center of the star and dark matter distributions as the the stars behave
as a non-interacting gas whereas the dark matter particles would feel a drag force
pushing them back. This argument has been used in [126, 127] and to derive bounds
on σself/mDM . 1 cm2 g−1. More recent analyses [128,129] based on a cluster merging
simulations showed that the bound on σself might not be as strong. However the authors
of [129] discussed the fact that after dark halo coallescence in galaxy collisions, the
remnant of the collision should oscillate around the center with a large orbit, that
could eventually constrain σself/mDM . 0.1 cm2 g−1.
Baryonic effects
One important effect included in recent simulations is the baryonic feedback on the
dark matter particles. As the inner part of halos are supposed to be mostly populated
by baryons, their effect on the dark matter distribution can be sizable. In particular
Active Galactic Nuclei (AGN) effects such as hot gas streaming from supernovae ex-
plosion or adiabatic contractions can substantially heat the dark matter up and flatten
the inner part of the density core [130,131].
3.5.3 Empirical relations
The following empirical relations have been shown to face some inconsistencies when
compared to N-body simulations. However, they are still being discussed in the lit-
terature and their status as being an affirmed issue within ΛCDM is not established
yet.
The Baryonic Tully-Fisher Relation
The Baryonic Tully-Fisher Relation (BTFR) expresses the correlation between the
21cm line width of spiral galaxies to their rotation velocities. In the case where a
galaxy of baryonic mass Mb = Mgas + M∗ (the sum of the gas and star masses) is
related to the velocity V∞ at large radius7, the BTFR relation takes the simple form
Mb ∝ V 4∞ . (3.68)
This relation is satisfied for masses over several orders of magnitude and actually
naturally emerges in the MOND framework [132]. In a combination of simulated
galaxies [133], the BTFR was recovered over a large range of masses, however low mass
galaxies seem to deviate from this prediction. In addition, this relation is expected
to present a large scatter in the ΛCDM context [134] larger than what is actually
observed.
7valid when the rotation curve is indeed flat
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Mass-Discrepancy Acceleration Relation
The Mass-Discrepancy Acceleration Relation (MDAR) expresses a correlation between
the effective acceleration geff of stars in galaxies and the baryonic acceleration gb which
can be related via the empirical relation [135,136]
geff =
gb
1− e−
√
gb/g†
(3.69)
where g† ∼ 10−10 m s−2 corresponds to the minimal acceleration scale for which the
relation geff/gb ' 1 holds. A remarkable fact about this empirical relation is that
it is satisfied for a large variety of galaxies while the scatter for high quality data
remains small [137]. It was argued that this tight scattering could not be reproduced
in a ΛCDM context but naturally emerges from MOND [136]. In a recent analysis
based on ΛCDM simulations [138], this relation has been shown to be satisfied and
attributed to the role of baryons. However it was argued in [137] that the sampling of
the simulated galaxies was not large enough to claim recovering the MDAR over the
large variety of observed galaxies.
3.6 Constraints on dark matter particles
The particle physics interpretation of dark matter seems the most appealing solution
up to this day as physics beyond-the-Standard-Model is expected and no complete
alternative solution has been proposed even though the situation is not clear about
the fact that ΛCDM can adress all the issues mentioned in the previous sections. In
the following we expose some of the constraints related to particle physics models of
dark matter.
• Dark matter interaction with photons: Assuming that dark matter parti-
cles can scatter significantly with photons, one should expect a damping of the
peak amplitudes of the CMB spectrum for large ` as overdensities on small scales
would be washed out by rapid DM-photon scatterings. Facing the great precision
measurements of the CMB spectrum, the constraint on the DM-photon scatter-
ing cross section to this day is given by [139]: σγ−DM . 2× 106 σTh(mDM/GeV)
where σTh ∼ 103 GeV−2 is the Thomson cross section. Another constraint on
DM-photon interaction can be derived by considering the effect of magnetic fields
that could significantly alter DM density profiles of galaxy clusters in contradic-
tion with observations. The authors of [140] derived a bound on the DM electric
charge DM . 10−14(mDM/GeV).
• Theoretical constraint on the dark matter mass: In order to achieve the
correct relic density in the WIMP paradigm, the value required for the velocity
averaged annihilation cross section must be 〈σv〉 ∼ 10−26 cm3 s−1. Using the
partial wave decomposition of the unpolarized cross section σ = ∑J σJ and based
on the unitarity of the S matrix, one can derive a bound on σv as:
σv . 4pi(2J + 1)
m2v
, (3.70)
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implying for the J = 0 partial wave, a constraint on mχ . 340 TeV assuming that
the correct relic density is achieved [141]. Initially presented as a lower bound on
the mass of a stable neutral heavy lepton and by assuming a Z-boson mediated
interaction, the Lee-Weinberg bound is derived from the condition of not over-
closing the universe in the freeze-out process of such heavy particle. Therefore,
the relic density of a particle with a mass mDM . 3 GeV is expected to overclose
the universe if the depletion process is mediated by the Z boson [142]. Even
though these limits are model dependent, they can be rescaled easily allowing to
picture the parameter space compatible with a standard freeze-out scenario in a
given model.
• Dark matter lifetime: The dark matter should be stable, or at least meta-
stable. Indeed, assuming a very long lifetime the dark matter could still be
present in the early days of the universe and at the present time to account
for the large scale structure formation. A na¨ıve constraint on the dark matter
lifetime τDM can be derived by simply considering that τDM has to be larger than
the age of the universe τuniverse ∼ 1017 s. Stronger constraint such as energy
injection in the dark ages from CMB measurements allows to set the bound
τDM . 1025 s which can be stronger or looser depending on the DM mass and
decay channels [143].
• Dark matter self-interaction: The dark matter cannot be (strongly) self-
interacting. As discussed in Sec. 3.5.2, the observation of the Bullet Cluster
allows to set the bound σself/mDM . 0.1 cm2 g−1.
• Dark Matter cannot be hot: As discussed in Sec. 3.5.2, based on their phase
space distribution, Dark Matter particles have to be cold or at least warm, as hot
Dark Matter would cause overdensities to be washed out in the early universe,
constraining the Dark Matter mass mDM . 2 keV.
Conclusion
The Standard Model of particle physics provides a description of three of the four
fundamental interactions with an unprecedented accuracy. However this theory is not
complete and in this chapter we motivated the fact that new degrees of freedom have
to be introduced. Such degrees of freedom could constitue the totality of the Dark
Matter component in the universe and the Dark Matter density could be generated
by the freeze-out mechanism in the WIMP paradigm. Alternative theories such as
MOND and relativistic extensions are appealing however up to this day they cannot
explain all the features of the missing mass issue on all scales. The particle hypothesis
remains the most complete solution even though the properties of such particles are
strongly constrained. In the following chapter, we discuss the current status of Dark
Matter searches.
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Motivated by the theoretical arguments exposed in the previous chapter, we know that
the Standard Model is lacking of some ingredients. Beyond-the-Standard-Model con-
structions might include dark matter candidates that potentially present interactions
with the Standard Model particle content, in some other way than purely gravitation-
ally, which is the key assumption on which the WIMP paradigm relies. Assuming
that such a coupling exists, as depicted in Fig. 4.1, the possible Dark Matter detection
strategies can be sorted in three large categories based on the following processes:
• Dark Matter scattering off a SM particle DM+SM→ DM+SM: Direct Detection
• Dark Matter annihilation DM + DM→ SM + SM: Indirect Detection
• Dark Matter production SM + SM→ DM + SM: Collider Searches
In this chapter we present an overview of the current status of direct, indirect and
collider searches.
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Figure 4.1 – Illustration of the three main DM detection strategies presented in this
chapter.
4.1 Direct detection
The basic idea of direct detection is to aim at measuring the recoil energy of a nucleus
scattering off a DM particle that is present in the galactic halo. This idea was at
first suggested by M. Goodman and E. Witten in the 1980’s [144]. The sensitivity
of direct detection experiments have been increased by several order of magnitudes
every decade ever since. The expected number of events in this kind of experiment
is typically quite low therefore most of the detectors are located deeply underground
to avoid atmospheric background. In this section we review the formalism associated
to the computation of the event rate and review the current status of direct detection
experiments.
4.1.1 Event rate
The expected event rate of a specific experiment depends on several inputs from as-
trophysics such as the DM phase space distribution and the local DM density as well
as inputs from nuclear physics making it hard to estimate with high accuracy. The
differential event rate expressed in terms of number of events per kilogram and per
day is given by:
dR
dER
= NTρ
mDM
∫ vmax
vmin
vfE(~v, t)
dσ
dER
(v, ER) d~v , (4.1)
where NT is the number of target nuclei, ρ ∼ 0.3 GeV cm−3 is the DM density in
the solar system, dσ/dER is the differential DM-nucleus scattering cross section, ~v the
WIMP velocity relative to Earth and fE(~v, t) is the velocity distribution of the WIMP
in the frame of the Earth. vmin is the minimal velocity producing a recoil energy ER
such that
vmin =
√
(mNER)/(2µ2N) , (4.2)
with µN = mDMmN/(mDM +mN) being the DM-nucleus reduced mass. vesc ' 500−
600 km s−1 is the escape velocity, i.e. the velocity for which the WIMP are no longer
gravitationnally bound to the Milky Way. As discussed in Sec. 2.6, the WIMP velocity
distribution in the galactic halo frame fG(~v, t) can be approximated by a Maxwellian
distribution. However one has to take into account the rotation of the Earth around
the Sun with a velocity along the Sun’s direction v} ' v˜} cos[ω(t − t0)] where v˜} ∼
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15 km s−1 and ω = 2pi/year, and the velocity of the Solar System in the galactic halo
v ∼ 230 km s−1. The total observed velocity can be expressed as the sum of these
contributions
~vobs = ~v + ~v + ~v} . (4.3)
The modulation effect of the velocity ~v} due to the rotation of the Earth around the
Sun is the observation strategy of some experiments as discussed further on. The typ-
ical WIMP velocity in the Earth reference frame is v ∼ 10−3 implying that collisions
between WIMPs and atomic nuclei can be treated in the non-relativistic approxima-
tion. Therefore the recoil energy ER can be expressed as:
ER ' q
2
2mN
= µ
2
Nv
2(1− cos θ?)
mN
, (4.4)
where θ? is the scattering angle in the centre-of-mass frame. For a typical WIMP mass
mDM ∼ 100 GeV the expected recoil energy is
ER ' 50 keV
(
mDM
100 GeV
)2 (100 GeV
mN
)
. (4.5)
In order to account for the unknown interactions between a dark sector and the SM
particles, the differential cross section is usually parametrized as a sum of two terms
known as Spin Dependant (SD) and Spin Independent (SI) [80,145]. It is common to
express the differential cross section as a function of the cross section in the limit of
vanishing momentum tranfert σSI,SD and as a function of the form factors F 2SI,SD(ER)
which carry the momentum dependency:
dσ
dER
= mN2µ2Nv2
[σSIF 2SI(ER) + σSDF 2SD(ER)] . (4.6)
The most important aspects affecting experimental sensitivity to a WIMP signal is a
combination of
• Energy threshold: drives the sensitivity to low WIMP masses, and consequently
the sharpening of the direct detection limits on the scattering cross section at
low masses.
• Control over the background and exposure: determine the overall sensitivity of
the experiment pushing the limits to lower scattering cross sections.
• Target: has an impact on the experiment sensitivity to low and heavy WIMP
masses, as well as on capability to probe spin-dependent scatterings.
4.1.2 Spin (in)dependent interactions
Effective Operator analysis
Scattering between WIMPs and nucleons are expected to occur in the non-relativistic
regime, where the typical exchanged momentum is well below the QCD Landau pole
and the nucleon masses. In this regime it is possible to use a model-independent
effective approach in order to understand the kind of coupling that can lead to spin
dependent or independent contributions. In order to describe interactions between a
fermionic DM candidate χ1 and a nucleon n, one can write in the most general way a
1the same kind of analysis can be performed for scalar [146,147] or vector [148] Dark Matter.
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set of 10 Lorentz-invariant operators as follow:
Leff =
10∑
i=1
∑
n=n,p
cniOni , (4.7)
where cni are Wilson coefficients and n denotes either a neutron (n) or a proton
(p). The operators Oni can be constructed from the basis of 4 × 4 matrices Γ ∈
{1, γ5, γµ, γµγ5, σµν}2 in the symbolic form
Oni = χ¯Γχχn¯Γnn , (4.8)
by writing all the possible Lorentz-invariant combinations. These operators can be
matched into a set of 12 non-relativistic operators as discribed in [146, 147]. For
instance, the non-relativistic limit of the following operators
On1 = χ¯χn¯n, On8 = χ¯γµγ5χn¯γµγ5n , (4.9)
can be derived using the low-energy expansion of the four-component spinor
us(p) =
√pµσµξs√
pµσ¯µξ
s
 ' 1√
4m
(2m− ~p · ~σ)ξs
(2m+ ~p · ~σ)ξs
+O(p2) (4.10)
where σµ = (1, ~σ), σ¯µ = (1,−~σ) and ξ is a 2-component Weyl spinor, implying that in
the process χ(p) + n(k)→ χ(p′) + n(k′), at the leading order in p
u¯(p′)u(p) ' 2mξ′†ξ , u¯(p′)γµγ5u(p) '
(
2~P · ~s 2m~s
)
, (4.11)
where ~P = ~p + ~p′ and the spin operator is defined as ~s ≡ ξ′† ~σ2 ξ. The non-relativistic-
limit of On1 and On5 can be written as
On1 ' 4mχmn , On8 ' −16mχmn~sχ · ~sn . (4.12)
Therefore the On1 and On8 operators are responsible for SI and SD interactions repec-
tively3.
Spin Independent
Assuming only Spin Independent interactions, for a typical WIMP mass mDM ∼ GeV
the associated De Broglie wavelength would be of the order of the typical nucleus size
λDM ∼ 10−15 m implying that nucleons will contribute coherently to the scattering
process of a DM particle with a nucleus. In the Born approximation, the amplitude
corresponding to a DM-nucleus scattering can be written as:
Mfi ∝
∫
d3rχ∗f (r)V (r)χi(r) with V (r) ∝ ρ(r) , (4.13)
2σµν ≡ 12 [γµ, γν ].3As discussed in [146] angular-momentum dependent as well as spin and angular-momentum de-
pendent interactions can also be considered depending on the remaining non-relatisitic operator in a
specific theory.
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where χi,f = e−i~pi,f ·~r are the DM wave functions in the initial and final states and V (r)
is the potential generated by a nucleus with a mass distribution ρ(r). Therefore the
matrix element can be expressed as:
Mfi ∝ [Zfp + (A− Z)fn]FSI(q) , with FSI(q) ∝
∫
d3rρ(~r)e−i~q·~r , (4.14)
where ~q = ~pf−~pi, Z is the atomic number, A is the mass number, fp,n are the coupling
to protons and neutrons respectively. The form factor FSI(q) can be understood at the
Fourier transform of the nucleus mass distribution, which is usually described by the
Helm form factor [149] :
|FSI(q)|2=
(
3j1(qR)
qR
)2
e−q
2s2 , with j1(x) =
sin x
x2
− cosx
x
, (4.15)
where R is the effective nuclear radius satisfying R2 = c2 + (7/3)pi2a2 − 5s2 with
s ' 0.9 fm being the nuclear skin thickness, a ' 0.52 fm and c ' 1.23A1/3 − 0.6 fm.
The Helm form factor is a rapidly decreasing function accounting for the lost of nucleus
coherence for large exchanged momenta. In the limit where fn ' fp, the total nucleus
scattering cross section scales as:
σSI = σnSI
µ2N
µ2n
A2 , (4.16)
where σnSI is the nucleon scattering cross section and µn the DM-nucleon reduced mass.
The expression (4.16) illustrates the fact that target material composed of heavy nuclei
are typically the most sensitive to spin independent interactions and therefore are used
for this purpose.
Spin Dependent
In the case of a Spin Dependent interaction term, the cross section does not depend
on the number of nucleons but on the spin structure of the nucleus
σSD = σnSD
µ2N
µ2n
4
3
J + 1
J
[ap〈Sp〉+ an〈Sn〉]2
a2n
, (4.17)
where J is the total spin of the nucleus, an is the DM-nucleon coupling and 〈Sn〉 is
the total contribution of the nucleon n to the total spin of the nucleus. The SD form
factors FSD(q) as well as the contributions 〈Sn〉 can be estimated from detailed nuclear
calculations or by using simple modelization. In order to reach a large sensitivity, SD
target detectors are usually composed of unpaired proton and neutrons which cannot
be arbitrary large therefore the senstivity achieved by SD detectors is typically lower
than for SI-sensitive experiments.
4.1.3 Current status of direct detection
In this section we give an overview of the present status of direct detection. It is
important to highlight that in the computation of the expected scattering rate in
Eq. (4.1), some assumptions have been made about the velocity distribution, nuclear
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form factor, type of DM-nucleon scattering, and local DM density that suffers from
large uncertainties as discussed in Sec. 2.6. In particular, the common assumptions
are that the DM phase space is described by a Maxwellian velocity distribution, that
the nucleus can be treated as a hard sphere as indicated by the Helm form factor, and
that the DM-nucleon scattering is elastic. Based on these assumptions, facing the fact
that none of the direct detection experiments has observed a significant event that was
reliably attributed to a DM scattering, it is common for experimental collaborations
to derive constraints in the {σnSI,SD,mDM} plane as depicted in Fig. 4.2. 4
Recent experimental results
In order to observe the nucleus-recoil due to a DM particle scattering off it, several
kind of experiments can be designed based on three physical effects : production of
heat, ionization and scintillation. They can be sorted into three large categories :
• Phonon/heat detector: experiments such as COUPP [151], PICASSO [152],
PICO [153] and SIMPLE [154] are composed of supearheated detector in a
metastable state, aiming at observing a DM particle scattering off a nuclei while
depositing some energy, resulting in a phase transition and formation of bubbles.
These experiments are typically composed of fluor-based molecules which con-
tains a high number of unpaired protons and neutrons, therefore making them
mostly sensitive to SD interactions. The strongest constraints to this day on the
SD DM-proton cross section is set by PICO which excludes σpSD ∼ 4×10−41 cm2
for mDM ∼ 40 GeV [153].
• Liquid noble gases: These experiments are composed of two-phases time pro-
jection chamber using both ionization and scintillation signals in order to dis-
criminate a DM signal from background events. They are typically made of heavy
nuclei such as xenon for XENON100 [155], LUX [156], ZEPLIN [157] and Pan-
daX [158] in order to be highly sensitive to SI interactions. This material have
very efficient self-shielding capacities and can easily be scaled lo larger masses,
making them the most constraining direct detection experiments on SI cross
section. Recently LUX [156] and PandaX [158] have reached limits on SI cross
section of σnSI . 10−46 cm2 for mDM ∼ 50 GeV but currently the strongest bound
is set by the XENON1T collaboration [159] constraining σnSI . 8 × 10−47 cm2.
As depicted in Fig. 4.2, the sensitivity of these experiments is limited at low
DM masses mDM . 10 GeV because of their energy thresholds and at high DM
masses the sensitivity decreases because for the considered DM density in the
solar system, a larger DM mass implies a smaller number density, therefore less
numerous events.
• Solid state cryogenic detectors: The experiments of this category can reach
typically sub-Kelvin temperatures and are either based on bolometer-type detec-
tors such as CRESST [160], EDELWEISS [161] or SuperCDMS [162] with a low
energy threshold . keV or semiconductor with high-purity germanium detectors
such as CoGeNT [163]. Due to their low energy thresholds, these experiments
are still sensitive to low Dark Matter masses mDM . 10 GeV. Some of these
4For further reading, a review can be found in [150].
4.1. Direct detection 69
experiments have reported excesses over the past few year [163–165] which have
not been confirmed by upgraded versions of the same experiments. However the
DAMA/LIBRA have observed a long-standing ∼ 9σ annual modulation excess
[166] compatible with a DM interpretation but this result is not compatible with
recent xenon-based experiments which exclude the value of the cross section
required for this interpretation by several orders of magnitudes as depicted in
Fig. 4.2. This excess still remains unexplained nowdays.
Figure 4.2 – Current constraints on DM-nucleon scattering cross sections from
various experiments as well as expected sensitivity for the experiments mentioned in
the text. The orange dashed line shows the neutrino floor. Figure taken from [167]
Detection prospects
Several possibilities are considered in order to aim at observing a scattering event be-
yond the current sensitivity. The two main options at the present time are focusing
of the low DM mass regime and improving the sensitivity for standard DM masses
mDM ∼ 50 GeV.
Sensitivity improvement is expected by SuperCDMS which aims to operate few hun-
dreds of kg of target material in order to cover the mDM ∼ GeV parameter space [168].
Some efforts are also realized in order to explore the sub-GeV DM mass regime
with specific detector materials which should improve the current sensitivity at low
masses [169].
As represented in Fig. 4.3, several upcoming xenon-based experiments are expected to
improve the current limits by several orders of magnitude in the future years by increas-
ing the total mass of detector above the ton-scale such as LZ [170], DEAP [171], Dark-
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Side [172], XMASS2 [173], XENONnT [174] and DARWIN [175]. The expected sen-
sitivity of these experiments should constrain σnSI . 10−48 cm2 as depicted in Fig. 4.2.
However the sensitivity of these kind of experiments cannot allow to reach arbitrary
small values of the scattering cross section as at some point neutrinos emitted by super-
novae or 7Be and 8B as well as atmospheric and solar neutrinos will be an irreducible
background, the so-called neutrino floor [176] as illustrated in Fig. 4.2. In order to
explore the region in the {σSI,mDM} plane covered by the neutrino floor, one possibil-
ity to discriminate a DM from a neutrino scattering event is to measure the direction
of the incident particle. The basic idea is that the DM flux depends on the motion of
the earth around the Sun, which is expected to be annually modulated therefore one
could predict the DM flux at a given epoch. For this purpose, collaborations such as
DRIFT [177] or MIMAC [178] are developping the required experimental techniques
for directional detection, a promising next-generation of Dark Matter direct detection
experiments [179].
Figure 4.3 – Sensitivity evolution of SI WIMP-nucleon cross section for the cases
mDM = 50 GeV and mDM = 5 GeV. The neutrino floor is represented with solid
dashed line. Figure taken from [180].
4.2 Indirect Detection
In the standard WIMP freeze-out mechanism, a sizable Dark Matter annihilation cross
section is required in order to achieve the relic density observed at the present time.
Therefore, a complementary approach to direct detection in order to detect WIMPs
is to look for the products of Dark Matter annihilations or decays that could occur
inside large astrophysical structures. These searches are not limited to WIMPs and
4.2. Indirect Detection 71
extend to any framework where DM interactions with the SM particle content are
assumed. Dark Matter (χ) annihilations or decays into SM particles could eventually
produce quarks (q), leptons (`), gauge bosons (W±, Z, γ) or Higgs bosons h which will
eventually decay to electrons (e−), protons (p), nuclei (N), gamma-rays or neutrinos
(ν) as
χ¯χ −→ q¯q, `−`+,W+W−, ZZ, γγ, hh −→ e+e−, p¯p, N¯N, γγ, ν¯ν . (4.18)
In order to claim the observation of some Dark Matter related event, an excess has to
be detected over the astrophysical background which is not well understood because
of large uncertainties regarding the nature of the sources and propagation models. In
the following we review briefly the most common signatures and associated detection
stategies for indirect detection. For further reading some review can be found in [181,
182]
4.2.1 Gamma-rays
Gamma-rays are potentially one of the most prominent DM indirect observation chan-
nel as γ-rays propagate in a straight line without being affected between the source
and the observer. Observation of DM annihilations or decays to γ-rays has been at-
tempted by using the Fermi-LAT [183] satellite and also several ground-based Imaging
Atmospheric Cerenkov Telescopes (IACTs) such as VERITAS [184], HESS [185] and
MAGIC [186]. The prompt Dark Matter annihilation to γ-rays could occur directly or
in two step: by annihilating to some heavy SM particles first, which will enventually
decay to pi0 decaying as well to a photon pair in a second step. The prompt γ-ray
spectrum should exhibit a continuous shape and a hard cut for energies Eγ ∼ mDM as
the annihilation to photons with Eγ > mDM becomes kinematically forbidden. This
continuous shape can be complicated to disentangle from the background. However
some specific spectral features could allow the γ-ray flux to typically exceed the back-
ground. For instance the direct production χ¯χ → 2γ generates a γ-ray spectral line
around Eγ ∼ mDM and the two-steps production χ¯χ→ 2Φ→ 4γ, where Φ is some par-
ticle decaying to a photon pair, could lead to a typical spectral ”box” shape centered
around ∆Eγ '
√
m2χ −m2Φ.
The gamma-ray flux
The differential gamma-ray intensity (photons per area per time per solid angle per
energy) from annihilation of two DM particles χ present in the galactic center (GC)
for instance is given by
dΦann
dΩ dE =
〈σv〉
8pim2χ
dNγ
dE
∫
los
ρ2χ(r) d`︸ ︷︷ ︸
Jann
, (4.19)
where 〈σv〉 is the averaged annihilation cross section times relative velocity, mχ is
the mass of the DM particle, and dNγ/dE is the energy spectrum of photons emitted
per annihilation. The function ρχ(r) is the DM density as a function of the distance
r from the GC. The coordinate ` runs along the line-of-sight (los), and r(`, ψ) =
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√
r2 + `2 − 2r` cos(ψ) where r is the distance between the Sun and the GC, and
ψ the angle between the line-of-sight and the direction of the GC. The line-of-sight
integral of the DM density squared is often referred to as the ”astrophysical factor”
or ”J-factor” and is denoted Jann, defined here as differential in solid angle. In the
case where the DM particles are unstable and decaying, the differential gamma-ray
intensity is given by
dΦdec
dΩ dE =
1
4piτmχ
dNγ
dE
∫
los
ρχ(r) d`︸ ︷︷ ︸
Jdec
, (4.20)
where τ is the lifetime of the DM particles, and here dNγ/dE is the energy spectrum
of photons emitted per decay. The ”astrophysical factor” for decay Jdec is given by
the line-of-sight integral over the DM density. The energy spectrum of the photons
produced by DM annihilation or decay can be written as a sum over all possible final
states
dNγ
dE =
∑
f
Bf
dNf
dE , (4.21)
where Bf is the branching fraction of final state f , and dNf/dE is the photon spec-
trum from annihilation or decay to the final state f .
However no signal attributed to DM annihilation has been observed to this day, there-
fore several collaborations were able to constrain the value of 〈σv〉 based on the absence
of any observed signal.
Constraining Dark Matter properties with IACTs
In order to derive a constrain on 〈σv〉 by using IACTs for instance, one can perform
a likelihood analysis based on the so-called Ring Method [187] as described in the
following 5. The most important background for IACTs is the total cosmic ray electron
(CRE) 6 spectrum as CRE-induced atmospheric showers cannot be distinguished from
gamma-induced showers. The CRE spectrum has been measured by the Fermi LAT
from ∼ 20 GeV up to ∼ 1 TeV [188], and is well approximated by a power law ∝ E−3.
In general IACTs can reject hadronic showers with high efficiency therefore can be
neglicted as a possible source of background. To search for a DM signal one can define
a signal region (denoted ON) and background region (denoted OFF) within the field
of view (FOV) using the Ring Method. The ON and OFF regions are illustrated in
Fig. 4.4, and are chosen to lie within a ring centered on the FOV. The geometry is
chosen and optimized to reduce systematics associated with variation of the effective
area across the FOV. We define the geometrical parameter α = ∆ΩON/∆ΩOFF, which
is the ratio of the solid angles of the ON and OFF regions. The number of photons
observed from a specified region of the sky from DM annihilation is
Nann = tobs
〈σv〉
8pim2χ
Nγ,obs
∫
∆Ω
Jann(ψ) dΩ , (4.22)
5the same analysis can be done in the decaying Dark Matter case by substituting 〈σv〉 → τ in the
derivation.
6refers actually to electron plus positron.
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where tobs is the observation time, and
Nγ,obs =
∫
∆E
∫ +∞
−∞
dNγ(E¯)
dE Aeff(E¯)
e−
(E−E¯)2
2σ2√
2piσ2
dE¯ dE , (4.23)
where Aeff(E) is the energy-dependent effective area. The quantity Nγ,obs is the energy
b
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Figure 4.4 – Illustration of the choice of ON and OFF regions. The ON and OFF
regions are chosen within a ring centered on the FOV with inner radius r1 and outer
radius r2. For the GC observation considered here, the center of the FOV is offset by
b degrees in latitude from the GC. The ON region is shown in red, defined by the
intersection of a circle of radius rcut centered on the GC and the ring with inner
radius r1 and outer radius r2. The OFF region, shown in blue, is defined by the
remainder of the ring outside of the ON region. The Galactic plane is excluded by a
latitude cut of b1 degrees (shown by the gray rectangle) from both the ON and OFF
regions.
spectrum per annihilation multiplied by the effective area of the IACT and convolved
with its energy resolution, integrated over the energy range considered (∆E). Here we
have modeled the energy resolution of the considered IACT by convolving the source
energy spectra with a Gaussian with energy-dependent width σ(E). The Galactic
plane is excluded within |b1|< 0.3◦ to avoid non-DM astrophysical gamma-ray emis-
sion. The number of background events observed from a specified region of the sky
over an energy window ∆E is then
Nbg = tobs∆Ω
∫
∆E
∫ +∞
−∞
dNCRE(E¯)
dE dA dt dΩAeff(E¯)
e−
(E−E¯)2
2σ2√
2piσ2
dE¯ dE , (4.24)
where ∆Ω is the solid angle of the region and dNCRE/dE dA dt dΩ is the differential
intensity spectrum of the CRE events. Analyses using the Ring Method search for an
excess of counts in the ON region compared to the OFF region. After rescaling the
observed counts in the OFF region by the factor α, the excess of counts between the
ON and the rescaled OFF regions is defined as θdiff = θON−αθOFF, where θON and θOFF
are the total numbers of events (the sum of signal photons and background events) in
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the ON and OFF regions, respectively. We assume that the likelihood of observing θ
counts in a given region is Poisson-distributed with mean value N therefore assuming
that no excess is observed (θ = 0) the likelihood can be expressed as
L(mχ, 〈σv〉) = e−(NON+αNOFF)I0(2
√
αNONNOFF) , (4.25)
where I0 is a Bessel function of the first kind and NON,OFF are the expected number of
events in the ON and OFF regions. We can take advantage of the spectral information
by calculating the likelihood over small energy bins, and define the total likelihood as
the product of the likelihoods over each energy bin:
L(mχ, 〈σv〉) =
∏
j
Lj(mχ, 〈σv〉) , (4.26)
where j indexes the energy bins. In order to derive a contraint on 〈σv〉 one can
calculate the likelihood statistic test ratio (TS) expressed as
TS = −2 ln
 L(mχ, 〈σv〉)max
〈σv〉
[L(mχ, 〈σv〉)]
 , (4.27)
which is χ2-distributed with one degree of freedom and can be well approximated by a
Gaussian distribution by the central limit theorem. The likelihood ratio is maximized
for 〈σv〉 = 0 (i.e., no signal events), so this ratio can be compared to a Gaussian
distribution and find the value of 〈σv〉, for a certain mχ, which constrains some model
at a certain confidence level.
Overview of gamma-ray searches
Some of the most promising target in order to attempt at observing DM annihilations
are the Galactic Center, the galactic halo and the Dwarf Spheroidal Satellites (dSphs)
of the Milky Way which are objects typically dominated by a dark component. From
the observation of the inner part of the galactic halo the H.E.S.S. collaboration strongly
constrain a thermal DM production 〈σv〉 ∼ 10−27 cm3 s−1 for DM annihilations to γ-
ray lines [189] and for DM masses above mDM & 300 GeV. At lower masses mDM .
100 GeV, a joined analysis based on Fermi-LAT and MAGIC data on dSphs excludes
the canonical value 〈σv〉 ∼ 10−26 cm3 s−1 for DM annihiliations to a b¯b pair [190].
The future Cerenkov Telescope Array (CTA) might reach the sensitivity required to
probe the thermal expected value of 〈σv〉 for DM masses up to several TeV depending
on the annihilation channel [10, 191]. Some of the stronger constraints from indirect
detection are depicted in the {〈σv〉,mDM} plane in Fig. 4.5.
4.2.2 Antimatter
Astrophysical antimatter particles are promising targets for Dark Matter annihilation
as only few processes are responsible for their production. They are mostly pro-
duced by spallation of primary cosmic ray and are strongly affected by propagation
in the galaxy through inverse Compton scattering and synchrotron radiation as well
as influenced by solar magnetic field. The ratio of p¯/p have been measured by the
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Figure 4.5 – Indirect detection constraints for several channels denoted in
parentheses: from IceCube [192], measurement of the p¯/p ratio with AMS-02 [193],
H.E.S.S [185], observation of late DM annihilations in the CMB with Planck [194],
CTA sensitivity estimation [10] and joined analysis from Fermi and MAGIC
collaborations [190]. The canonical value of 〈σv〉 = 3× 10−26 cm3 s−1 is represented
with a black dotted-dashed line.
PAMELA [195] and AMS-02 collaborations quite precisely with a fine agreement. A
discrepancy at large energies E & 10 GeV was reported by these collaborations. How-
ever it was shown in [196] that uncertainties regarding the source and propagation
of anti-protons could explain this excess. The precise measurement of the p¯/p ratio
allows to constrain DM annihilations to b¯b [193] as depicted in Fig. 4.5. Positrons and
anti-nuclei are also considered as potential annihilation channels but are not discussed
in this thesis.
4.2.3 Neutrinos
Neutrinos have the interesting property to not being affected over large distances dur-
ing the propagation in the galaxy as they interact only weakly, therefore they preserve
the spectral information of the source. They are detected by Cerenkov light produced
by some detector material as neutrinos pass through it. An interesting scenario quite
studied in the litterature is to consider the effect of DM being trapped in the gravita-
tional potential of the Sun in the case where the DM-baryon scattering cross section
is large enough. The only way to detect annihilations of these trapped particles would
be via the neutrino channel as only neutrinos can escape efficiently the Sun. The non-
observation of a neutrino excess from the Sun allowed the collaborations IceCube [197]
and ANTARES [198] so set constraints on 〈σv〉ν¯ν . Constraints on different annihila-
tion channels, such as b¯b, are also derived from neutrino experiments as depicted in
Fig. 4.5. However these experiments cannot contrain sufficiently 〈σv〉 at the present
time to probe its thermal expected value.
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4.3 Collider Searches
Another possibility to attempt at observing Dark Matter is to produce it at high energy
colliders such as the Large Hadron Collider (LHC). LHC proton-proton collisions might
result in the production of WIMPS in association with one or more QCD jets, photons
as well as other detectable SM debris. Since WIMPs are electrically neutral and
cosmologically stable massive particles, they manifest at colliders as missing transverse
energy /ET . For this reason searches for DM are based on the observation of the visible
counterpart as trigger of the event such as charged leptons, jets or a photon, generally
referred to as mono-X searches. By selecting events with large missing energy one
can reduce the SM background and potentially disentangle a DM signal. However,
colliders can allow to identify only missing energy, and therefore they cannot uniquely
ascertain the presence of DM in a signal event. They can simply confirm the presence
of a neutral and ”stable” particle, that might have even decayed outside the detector.
Anyhow, colliders offer an exciting and complementary search strategy to identify
WIMPs. Indeed, assuming that the production of WIMPs at colliders is uniquely
connected to WIMP-nucleon scatterings at underground laboratories, one can use the
non-observation signals with large missing transverse momentum to derive limits on
the WIMP-nucleon scattering cross-section [199–206].
However an EFT model independent approach is often limited as the effective approach
might attain its validity limit at the high energies reached by modern colliders. For
instance it is possible that the centre-of-mass energy of a process producing a pair of
DM particles reaches the mass of the mediator that has been integrated out in the
EFT to generate the contact operator involving the DM and some SM field. In this
case the EFT is no longer valid and the underlying degrees of freedom of some UV
complete theory might manifest such as Breit-Wigner resonance effect. Therefore one
would need the formulation of the complete UV theory in order to extract constraints
on the corresponding parameter space.
Even though colliders are extremely useful at constraining DM models, one would
often have to perform a phenomenological analysis in a specific theory rather than
rely on model independent approaches which are limited for collider studies for the
previously stated reasons.
4.3.1 Mono-X Searches
Mono-X searches stands for the search for WIMPs (χ) produced in association with
one or more QCD jets or potentially other SM particles as:
pp → χχ+ X , (4.28)
where X denotes QCD jets, γ, h, Z etc. The idea is to search for events with a
jet of high transverse momentum pT within an event with large missing transverse
momentum. In particular, the most recent studies performed at the LHC include
up to four jets and require the leading jet to have pT > 250 GeV [207, 208], while
others do not limit the number of jets while selecting events with at least one jet
with pT > 100 GeV [209]. While being more inclusive, these recent searches have
become more challenging due to the number of jets analyzed, requiring a substantial
improvement on the background coming from Z + jet and W± + jet channels.
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Important detector effects, such as fake jets, and QCD backgrounds weaken the LHC
sensitivity to WIMPs, and for these reasons mono-jet searches are subject to large
systematics. Nevertheless, an enormous effort has been carried out in this direction
with data driven background and optimized event selections, which combined with
the increase in luminosity has led to an overall improvement on the LHC sensitivity
to WIMPs. The latest results from CMS and ATLAS collaborations in the search for
DM based on mono-X searches are given in [209,210].
4.3.2 Invisible decays
Higgs decays
In the case where WIMPs are lighter than mh/2 ' 62.5 GeV, the Higgs boson might
invisibly decay into WIMP pairs. Therefore, one can use bounds from LHC on the
invisible branching ratio of the Higgs, Br(h→ inv) ≤ 0.25 at 95% C.L. [211, 212], to
set constraints on WIMP models.
Z-boson decays
The decay width of the Z-boson has been precisely measured and therefore stringent
limits can be derived on any extra possible decay mode of the Z boson. In particular,
one can use only direct measurements of the invisible partial width using the single
photon channel to obtain an average bound which is derived by computing the differ-
ence between the total and the observed partial widths assuming lepton universality.
The current limit is Γ(Z → inv) ≤ 499± 1.5 MeV [74].
Summary
In this chapter we reviewed some theoretical elements of modern cosmology in order
to explain how the Dark Matter problem has emerged in the last century. Based on
modern observations, we discussed the various probes and evidences of the presence
of a non-relativistic Dark Matter component representing ∼ 25% of the energy budget
of the universe and its impact on structure formation. We discussed various possibili-
ties to account for this missing mass issue, in particular in the context of the WIMP
freeze-out scenario. In the last chapter of this first part, we discussed the current sta-
tus of standard searches for Dark Matter which aim at observing DM-SM scatterings,
annihilations or direct production of DM. In the following part we propose some phe-
nomenological solutions to the Dark Matter problem based on the WIMP paradigm,
from the studies of simplified Dark Matter models to more ellaborate constructions
motivated by particle physics considerations. In the last part we explore more complex
scenarios involving alternative Dark Matter production mechanisms.
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5.1 Introduction
Little is, however, as of yet known about DM as a particle; any candidate for (most
of) the DM must nevertheless be consistent with the following five observationally-
motivated constraints:
• The relic abundance of DM needs to account for the observed CDM abundance.
• The DM particle should be non-relativistic at matter-radiation equality to form
structures in the early Universe in agreement with the observation. As a result,
if the DM was produced as a thermal relic in the early Universe, its mass cannot
be arbitrarily light. Specifically, cosmological simulations rule out DM masses
below a few keV [213–215].
• The DM should be electromagnetically neutral, as a result of null searches for
stable charged particles [216,217] as well as Direct Detection (DD) experiments,
which we will review subsequently.
• The DM particle must be cosmologically stable since its presence is ascertained
today, implying that its lifetime is larger than the age of the Universe. Under
certain assumptions, much stronger limits are applicable conservatively requiring
a lifetime order of magnitude larger can be derived [143,196,218–223].
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• Cluster collisions, such as the Bullet Cluster [49], constrain the level of self-
interactions that DM particles can have (see however [224, 225] for alternative
scenarios).
Within the generous parameter space outlined by the observational requirements
listed above, we will argue below that the paradigm of WIMPs [226] is one of the
most compelling options for DM as a particle. In order to maximally profit of the
information from the different kind of experimental searches we need an efficient in-
terface between the experimental outcome and theoretical models. The processes
responsible for the DM relic density and its eventual detection can be described by
simple extensions of the SM in which a DM candidate interacts with the SM states
(typically the interactions are limited to the SM fermions) through a mediator state
(dubbed portal). This idea is at the base of the so-called ”Simplified Models” [227–241]
which are customarily adopted especially in the context of collider studies, see e.g.,
Refs. [206,242–253].
The first class of models which will be the object of study are the SM Dark Portals1,
i.e., models in which the DM interacts with the SM state through the Higgs or the Z-
boson. In the case when the DM is a pure SM singlet, gauge invariant renormalizable
operator connecting the DM with the Z or the SM-Higgs boson can be build only in
the latter case and only for scalar and vectorial DM. In the other cases one should rely
either on higher dimensional operators, or on the case that the coupling with the Higgs
and/or the Z is originated by their mixing with new neutral mediators. The latter case
can imply the presence of additional states relevant for the DM phenomenology and
will be then discussed later on in the text. We will instead quote below some example
of higher dimensional operator but we will not refer to any specific construction for
our analysis.
The simplied models presented in the previous cases for the SM-Higgs and Z-boson
portals will be generalized and discussed in more details in the case of generic BSM
spin-0 mediator interacting with a pair of scalar, fermion or vector DM fields. Contrary
to the case of SM portals, interactions of the mediator with the gauge bosons are not
mandatory. We will thus stick, in this chapter to the case, analogous to the so called
simplified models, in which the DM is coupled only to the SM fermions.
5.2 Higgs portal
The most economical way to connect a SM singlet DM candidate with the SM Higgs
doublet H is through four field operators built to connect the Higgs bilinear H†H,
which is a Lorentz and gauge invariant quantity, with a DM bilinear. Assuming CP
conservation, the possible 2 operators connecting the SM-Higgs doublet with scalar,
fermion and vector DM are given by [256–266]:
ξλHχ χ
∗χH†H, ξ
λHψ
Λ ψ¯ψH
†H and ξλHV V µVµH†H, (5.1)
1An analogous study has been performed in Ref. [254]. Our results are in substantial agreement
with the ones reported in this reference.
2We limit, for simplicity, to the lowest dimensional operators. Higher dimensional operators are
discussed, for example, in Ref. [255].
5.2. Higgs portal 83
where, in the unitary gauge, H =
(
0 vh+h√2
)T
with h, vh denoting the physical SM
Higgs boson, Vacuum Expectation Value (VEV) and ξ = 1/2(1) in case the DM
is (not) its own antiparticle. We have indicated a scalar, fermionic and vectorial
DM as χ, ψ and V , respectively. From Eq. (5.1) note that stability of the DM is
protected either by a discrete Z2 (for ψ, Vµ and when χ = χ∗) or by a U(1) (for χ 6=
χ∗) symmetry. In the case of a scalar and vectorial DM it is possible to rely on a
dimension-4 renormalizable operator. On the contrary, a fermionic DM requires at
least a dimension-5 operator which depends on an unknown Ultra-Violet (UV) scale
Λ. After EW symmetry breaking (EWSB), trilinear couplings between the Higgs field
h and DM pairs are induced. In the case of fermionic DM it is possible to absorb the
explicit Λ dependence by a redefinition of the associated coupling, i.e., λHψ vhΛ as λ
H
ψ ,
so that it does not appear explicitly in computations.
The models defined by Lagrangians of Eq. (5.1) have only two free parameters, the
DM masses mχ,ψ,V and couplings λHχ,ψ,V with the SM-Higgs. The constraints on these
models can be then easily summarized in bi-dimensional (i.e., DM mass vs its coupling
with the SM-Higgs) planes.
Figure 5.1 – Illustration of the SM-Higgs portal in the relevant bi-dimensional
planes for a scalar (left panel), fermionic (middle panel) and vectorial (right panel)
DM. In each plot, the red line represents the model points featuring the correct DM
relic density. The blue region is excluded by the current SI DD limits. The magenta
region would be excluded in case of absence of signals in XENON1T after two years
of exposure time while the purple region is within the reach of future LZ limits.
Finally, the brown region is excluded because of a experimentally disfavored invisible
decay branching fraction of the SM-Higgs boson.
In Fig. 5.1 we summarize our results for scalar, fermionic and vectorial DM, respec-
tively. All the plots report basically three set of constraints 3. The first one (red
contours) is represented by the achievement of the correct DM relic density 4. The
DM annihilates into SM fermions and gauge bosons, through s-channel exchange of
the SM-Higgs boson, and, for higher masses, also into Higgs pairs through both s- and
t-channel diagrams (in this last case a DM particle is exchanged). Since the coupling
3We will report in the main text just the results of the analysis. Analytical expressions of the
relevant rates are extensively reported in the appendix.
4In the mentioned figure and throughout all this thesis we will, as convention, use the label
”Planck”, as the corresponding experiment, for iso-countours corresponding to the correct DM relic
density.
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of the SM-Higgs with SM fermions and gauge bosons depends on the masses of the
particles themselves, the DM annihilation cross-section is suppressed, at the exception
of the pole region mχ ∼ mh/2, until the W+W−, ZZ and t¯t final states are kine-
matically accessible. Even in this last case, the cosmologically allowed values for the
couplings are in strong tension with the constraints from DD of the DM, which for all
the considered spin assignation of the DM, arise from SI interactions of the DM with
the SM quarks originated by t-channel exchange of the SM-Higgs boson. As can be
easily seen that the entire parameter space corresponding to thermal DM is already
ruled out, at the exception, possibly, of the pole region, for DM masses at least below
1 TeV. Eventual surviving resonance regions will be ruled-out in case of absence of
signals at the forthcoming XENON1T, assuming a two years of exposure time. As ex-
pected, the most constrained scenario is the fermionic DM one because of the further
suppression of the p-wave suppression of its annihilation cross-section.
Notice that, scalar and vectorial DM, due to the s-wave annihilation cross-section,
might also be probed through ID. The corresponding limits are nevertheless largely
overpower by the ones from DD and hence, have been then omitted for simplicity. The
limits from DD experiments are complemented at low DM masses, i.e., mχ,ψ,V < mh/2,
by the one from invisible decay width of the Higgs. Indeed this constraint would
exclude DM masses below the energy threshold of DD experiments. Our findings are
in agreement with the other recent studies in the topic [230,232,267–279].
5.3 Z portal
An interaction between the Z-boson and a SM singlet DM candidate is not gauge
invariant for any dimension-4 operators. In the case of scalar and fermionic DM
models, the simplest option is to consider a dimension 6 operator 5 [280–282]. In the
case of scalar DM it is of the form:
L = λχH
†←→DµH
Λ2 χ
∗←→∂µ χ, (5.2)
which give rise to a trilinear interaction between the Z-boson and a DM pair once the
SM-Higgs field in the Lagrangian is replaced by its VEV, so that H←→DµH → gv2h4 cos θW Zµ.
Λ is again the relevant cutoff scale of the effective theory. Similar to the case of a
fermionic DM in Higgs portal we can absorb it in the definition of a dimensionless
coupling as λZχ ≡ λχv2h/Λ2. In addition, after EWSB, an effective dimension-4 inter-
action like (g2/16 cos2 θW )λZZχχ |χ|2ZµZµ can emerge from the dimension-6 SM gauge
invariant operator λχχ (DµH)† DµH|χ|2/Λ2 such that λZZχχ = λχχv2h/Λ2. For simplicity
we maintain a rescaling with powers of the SU(2)L gauge coupling g. The interaction
Lagrangian for the DM, along with the relevant SM parts, can thus be written as:
L = i g4cW λ
Z
χχ
∗←→∂µ χZµ + g4cW
∑
f
fγµ
(
V Zf − AZf γ5
)
fZµ +
g2
16c2W
λZZχχ |χ|2ZµZµ, (5.3)
where cW = cos θW and θW is Weinberg angle [283] and f generically refers to a SM
fermion. Note that we have used a normalization of g/4 cos θW throughout in analogy
5Similar to the case of the Higgs portal we just quote, as an example, the lowest dimensional
operator. This is however, not the only possible option.
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to the SM f¯fZ couplings. The interaction Lagrangian for fermion DM is built in a
similar fashion as the scalar case. In the case of Dirac DM the starting operator is:
L = H
†←→DµH
Λ2
(
ψγµ
(
vZψ − aZψγ5
)
ψ
)
, (5.4)
which, after the EWSB, together with the apposite SM part leads to:
L = g4 cos θW ψγ
µ
(
V Zψ − AZψγ5
)
ψZµ +
g
4 cos θW
∑
f
fγµ
(
V Zf − AZf γ5
)
fZµ, (5.5)
with V Zψ = vZψ
v2h
Λ2 and A
Z
ψ = aZψ
v2h
Λ2 . In the case of Majorana DM V
Z
ψ = 0 and we
rescale the remaining DM coupling by a factor of 1/2. In the case of spin-1 DM we
will consider two possible kind of interactions, namely, self- (Abelian) and not self-
conjugated (non-Abelian) DM, respectively. For the latter, along with the necessary
SM parts, we can write the following Lorentz invariant interaction:
L = g4 cos θW η
Z
V [[V V Z]] +
g
4 cos θW
∑
f
fγµ
(
V Zf − AZf γ5
)
fZµ ,
with [[V V Z]] ≡ i
[
VµνV
†µZν − V †µνV µZν +
1
2Zµν
(
V µV † ν − V νV †µ
)]
, (5.6)
where Vµν , V †µν , Zµν represent the respective field strengths. In Eq. (5.6) the [[V V Z]]
coupling is normalized as g/4 cos θW while the model specific information are parametrized
as ηZV . In the case of self-conjugate spin-1 DM, an interaction with the gauge boson
can be built through the Levi-Civita symbol as Ref. [284]:
L = g4 cos θW η
Z
V 
µνρσVµZνVρσ +
g
4 cos θW
∑
f
fγµ
(
V Zf − AZf γ5
)
fZµ . (5.7)
Similar to the previous cases the coupling ηZV in Eq. (5.7) encodes a cut-off scale (see
e.g., Refs. [285–288] for the construction of effective theories). The theoretical deriva-
tion of Eq. (5.6) is however, more contrived. Further, similar to the Higgs portal, the
Z-portal models are fully defined by two parameters so that one can repeat the same
kind of analysis performed in the previous subsection. The results are summarized in
Figs. 5.2 6.
As evident, in all but the Majorana Z-portal case, thermal DM is already excluded,
even for masses above the TeV scale, by current constraints from XENON1T. These
constraints are even stronger with respect to the case of the SM-Higgs portal. This is
because, apart from the lighter mediator, the scattering cross-section on Xenon nuclei
is enhanced by the isospin violating interactions of the Z with light quarks. Low DM
masses, possibly out of the reach of DD experiments, are instead excluded by the
limit on the invisible decay width of the Z-boson. As already pointed out, the only
exception to this picture is represented by the case of Majorana DM where the SI
component of the DM scattering cross-section is largely suppressed due to the absence
of a vectorial coupling of the DM with the Z. This scenario is nevertheless already
6Similar to the SM-Higgs portal case we will report in the main text only the main results while
discussing the computation in more detail in the appendix.
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Figure 5.2 – Combined constraints for Z-portal with scalar, fermion and vector DM
in the mχ-λZχ bi-dimensional plane. Color specifications are the same as Fig. 5.1,
except the fact that now the brown region represents experimentally excluded
invisible decay width of Z-boson.
(partially) within the reach of current searches for a SD component of the scattering
cross-section. The increased sensitivity of XENON1T will allow to exclude DM masses
below 300 GeV, except the “pole” region. The latter, however, will meet the same fate
from a projected future LZ sensitivity.
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5.4 Scalar portal
5.4.1 Scalar Dark Matter
We will consider the following Lagrangian:
L = −ξµSχ|χ|2S − ξλSχ|χ|2S2 −
cS√
2
mf
vh
f¯fS, (5.8)
where S is a real scalar field and ξ denotes the normalization factor, accounting,
similar to the previous section, for the case when the DM coincides (or not) with its
own antiparticle. In the case of SM fermions we have assumed a Yukawa-like structure
of the couplings with the mediator while for the scalar DM (χ) we have parametrized
all the information, including possible normalization factors (e.g., factor of 1/2 in the
second term of Eq. (5.8)), in the respective couplings. Note that µSχ parameter has the
dimension of mass. Unless differently stated we will assume µSχ = λSχmS with λSχ being
a dimensionless coupling and mS as the mass of S. We will also add self interaction
term for the scalar field given by:
LS = − 13!mSλSS
3. (5.9)
The assignation for the dimensional couplings, as well as the introduction of the La-
grangian term in Eq. (5.9), are inspired to scenarios in which the scalar field S acquires
a VEV. In this setup the Lagrangian of Eq. (5.9) originates from the quartic term in
the scalar potential whose presence cannot be forbidden by any symmetry argument.
In the same fashion a quartic interaction term S2H†H with the SM-Higgs doublet,
responsible for a mixing of the S and h states, should also be included. For simplicity
we will assume here that the coupling of this last operator is negligible7.
Contrary to the case of the SM portals, which have only the DM mass and its cou-
pling as free parameters, we have expressed, as reported on Fig. 5.3, our main re-
sults in the bi-dimensional plane (mχ,mS) for the three free coupling assignations
(λSχ, λS, cS) = (1, 1, 0.25), (1, 1, 1), (0.25, 1, 1). Figure 5.3 hence shows the compari-
son between current DD limits, as well as the projected sensitivities from XENON1T
and LZ, and the requirement of the correct DM relic density. The results reported
in Fig. 5.3 can be explained as follows. A t-channel exchange of the scalar mediator
induces SI interactions of the DM, which are written, in the case of the proton as:
σSIχp =
µ2χp
4pi
(λSχ)
2
c2S
m2χm
2
S
m2p
v2h
[
fp
Z
A
+ fn
(
1− Z
A
)]2
≈ 10−45cm2(λSχ)2c2S
(
400 GeV
mS
)2(400 GeV
mχ
)2
. (5.10)
Here A, Z represent, respectively, the atomic and proton number of the material
constituting the detector, µχp = mχmp/(mχ+mp) denotes reduced mass of the WIMP-
proton system with mp representing the mass of the latter while fp and fn represent
7The most general case is dicussed in Sec. 8.3.2
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Figure 5.3 – Combined constrains for a scalar DM with scalar mediator scenario in
the bi-dimensional plane (mS,mχ) for three assignations of the relevant couplings,
i.e., (λSχ, λS, cS) = (1, 1, 0.25) (left), (1, 1, 1) (middle) and (0.25, 1, 1) (right). Here
the iso-contours of the correct DM relic density are represented by red bands. The
blue, magenta and purple regions represent the current exclusion and the projected
sensitivity of XENON1T (assuming 2 years of exposure time in the latter case) and
LZ, respectively.
the effective couplings of the DM with protons and neutrons. In the case of a scalar
mediator we have:
fN =
∑
q=u,d,s
fNq +
6
27f
N
TG, with fNTG = 1−
∑
q=u,d,s
fNq , N = p, n, (5.11)
with fN (fNq ) being the form factor whose physical meaning is associated to the con-
tribution from all the six quark flavours (up, down and strange quark flavours) to the
mass of the proton and the neutron. The contribution of the heavy quarks in fN is
described by a unique form factor fNc = fNb = fNt = 227f
N
TG (in Eq. (5.11) we have
implicitly summed over the three heavy quark flavours). For their numerical values
we have adopted the default assignations by micrOMEGAs. Notice that the factor[
fp
Z
A
+ fn
(
1− Z
A
)]
is actually a rescaling factor which is introduced for a consistent
comparison with the experimental limits which customarily assume fp = fn [289]. This
assumption is justified in the case of the spin-0 mediator since fp and fn differ only by
the contributions of up and down quarks which are sub-dominant with respect to the
contribution from the strange quark (and then from the heavy quarks, see Eq. (5.11)),
which is the same for proton and neutron. In the following numerical estimates we
will then automatically set
[
fp
Z
A
+ fn
(
1− Z
A
)]
→ fp ∼ 0.3. For spin-1 mediators one
expects in general fp 6= fn and this often translates into an enhancement of the cross-
section and, hence, stronger limits on the model parameters. This can be already
noticed by comparing the limits in the case of the SM-Higgs and Z-boson portals.
Current limits exclude then low values for both the mass of the DM and the one of
the mediator. These limits will become, of course, progressively stronger, in case of
absence of signals at XENON1T and/or LZ.
Concerning the DM relic density for mχ < mS,mt the DM annihilation cross-section
is suppressed by Yukawa structure of the couplings so that the correct relic density is
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obtained only around the resonance region mχ ∼ mS/2. This corresponds to the wide
region between the two lines in Fig. 5.3. This region is of course determined by λSχ×cS
and is then the same as shown in the left and right plots of Fig. 5.3. The difference
between these two figures is the disappearance of the region corresponding to the SS
final state (see right plot) where, annihilation cross-section is proportional to (λSχ)4
(see Eq. (5.14)). This channel is then not sufficient to avoid an over-density of the
Universe for λSχ = 0.25. In the middle plot, the pole region is enlarged, to the point
of covering almost all the parameter space, even joining the SS final state at mS ' 1
TeV. For higher DM masses, instead, the correct relic density is achieved also far
from s-channel resonances through either the t¯t channel or the SS channel, whether
kinematically open. In such a case, the following analytical estimates, through the
conventional velocity expansion, of the DM annihilation cross-section, can be obtained
in the case where mt < mχ < mS:
〈σv〉(χχ→ t¯t) ≈ 316pi (λ
S
χ)
2
c2S
m2t
v2h
1
m2S
≈ 3.4× 10−25cm3s−1(λSχ)2c2S ×
(
1 TeV
mS
)2
,
(5.12)
and in the case where mt < mS < mχ:
〈σv〉(χχ→ t¯t) ≈ 364pi (λ
S
χ)
2
c2S
m2t
v2h
m2S
m4χ
≈ 10−26cm3s−1(λSχ)2c2S ×
(
2 TeV
mχ
)4(
mS
1.5 TeV
)2
.
(5.13)
For mS < mχ :
〈σv〉(χχ→ SS) ≈ (λ
S
χ)
4
64pim2χ
≈ 5.8× 10−26cm3s−1(λSχ)4 ×
(
1 TeV
mχ
)2
. (5.14)
As evident that both the t¯t and SS cross-sections are s-wave dominated and thus,
velocity independent. As a consequence residual annihilation would occur at present
times which can be probed by DM ID strategies. Similar to the case of the SM-Higgs
portal, DD limits are much more competitive with respect to the ones from ID, hence
the latter have not been explicitly exhibited on Fig. 5.3. We also notice that the
dominant contribution of the annihilation cross-section into SS depends only on the
λSχ coupling; as a consequence the scalar self-coupling λS does not play a relevant role
for DM phenomenology 8.
5.4.2 Fermionic Dark Matter
The interaction of a fermionic DM and a scalar s-channel mediator can be described
by the following phenomenological Lagrangian:
L = −ξgψψ¯ψS − cS√2
mf
vh
f¯fS + LS, (5.15)
8This statement is strictly valid in the case, considered here, of λSχ = 1. In the case λSχ  λS the
contribution of the trilinear couplings λS to the annihilation cross-section into SS might be sizable
and event dominant. However, we expect in such a case, since the annihilation cross-section would
scale at least as (λSχ)2, the DM to be in general overabundant.
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where LS is defined in Eq. (5.9). Contrary to the case of a scalar DM, the operator
ψ¯ψS is of dimension 4, so that gψ is already a dimensionless parameter. Note that
similar to Eq. (5.8) we have parametrized gψ to contain all the information of the ψ¯ψS
vertex including a normalization factor. One could think that an eventual VEV of the
scalar mediator S can be the origin of the DM mass, so that gψ ∼ mψ/vS, with vS
being the VEV of S [290–292]. We won’t make this assumption in this work and regard
gψ as a generic dimensionless constant. The main results of our analysis have been
summarized in Fig. 5.4. We have once again considered the DM and scalar masses
as free parameters and an analogous assignation of the couplings as in the previous
subsection.
Figure 5.4 – The same as Fig. 5.3 but for a Dirac fermion DM, i.e., replacing
λSχ, mχ by gψ, mψ, respectively.
The results shown in the figure can be described analytically as follows: the DD of
the DM is again principally determined by SI interactions whose cross-section is given
by:
σSIψp =
µ2ψp
pi
g2ψc
2
S
m2p
v2h
f 2N
1
m4S
≈ 1
pi
g2ψc
2
S
m4p
v2h
f 2N
1
m4S
≈ 2.9× 10−45 cm2g2ψc2S
(
500 GeV
mS
)4
,
(5.16)
where µψp = mψmp/(mψ +mp) denotes reduced mass of the associated WIMP-proton
system. As evidenced from Fig. 5.4, DM masses even above the TeV scale, are excluded
by current DD limits for mS . 400 − 500 GeV. Values below the TeV scale for both
the DM and mediator masses will be excluded in the absence of signals from the next
generation experiments. The correct DM relic density can be achieved, without relying
on s-channel resonances, only when at least one between the t¯t and SS final states is
kinematically accessible. In such a case the DM pair annihilation cross-section can be
approximated in the case where mt < mψ < mS as:
〈σv〉(ψ¯ψ → t¯t) ≈ 34pig
2
ψc
2
S
m2t
v2h
m2ψ
m4S
v2 ≈ 1.5× 10−26cm3s−1g2ψc2S
(
mψ
300 GeV
)2(1 TeV
mS
)4
,
(5.17)
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and in the case where mS,mt < mψ as:
〈σv〉(ψ¯ψ → t¯t) ≈ 364pig
2
ψc
2
S
m2t
v2h
1
m2ψ
v2 ≈ 2.8× 10−26cm3s−1g2ψc2S
(
600 GeV
mψ
)2
,
〈σv〉(ψ¯ψ → SS) ≈ 364pig
4
ψ
1
m2ψ
v2 ≈ 2.0× 10−26cm3s−1g4ψ
(
1 TeV
mψ
)2
. (5.18)
Here v2 ∼ 0.23. We notice again that in the limit mψ  mS, the scalar self-coupling
λS does not influence the DM relic density. The dependence on the couplings between
the three plots of Fig. 5.4 is the same as of the scalar case. However contrary to the
case of scalar DM, all the annihilation channels are now velocity suppressed, hence
cannot account for a sizable ID signals.
5.4.3 Vector Dark Matter
For the description of the vectorial DM case we consider the following Lagrangian:
L = 12mV η
S
V V
µVµS +
1
8(η
S
V )
2
V µVµSS − cS√2
mf
vh
Sf¯f + LS, (5.19)
which is inspired by the construction proposed in Refs. [293, 294]. Note that the first
three terms of Eq. (5.19) appear after the spontaneous symmetry breaking, once the
portal field is expanded as (S + vS)/
√
2 with vS as the concerned VEV. The quantity
mV is expressed as ηSV vS/2. A similar construction is also possible from a gauge
invariant DµS(DµS)∗ operator for a complex scalar field S with Dµ = ∂µ − i12ηSV Vµ.
However, in this scenario the third term of Eq. (5.19) would require new BSM charges
for the SM fermions.
Figure 5.5 – The same as Fig. 5.3 for a vector DM with scalar mediator, i.e.,
trading λSχ, mχ with ηSV , mV , respectively.
This scenario has been analyzed with the same procedure as the scalar and fermionic
DM cases. The results, reported in Fig. 5.5 appear not to be very different from what
obtained in the case of a scalar DM in Fig. 5.3. This can be explained by the fact that
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a massive vectorial DM can be viewed as three scalar degrees of freedom. The DM
scattering rate on protons and its most relevant annihilation channels are described
by the following analytical expressions:
σSIV p =
µ2V p
4pi (η
S
V )
2
c2S
m2p
v2h
f 2p
1
m4S
≈ 8.2× 10−45cm2 (ηSV )2c2S
(
1 TeV
mS
)4
. (5.20)
The parameter µV p = mVmp/(mV + mp) as usual represents reduced mass of the
relevant WIMP-proton system and in the case where mt < mV < mS
〈σv〉(V V → t¯t) ≈ 14pi (η
S
V )
2
c2S
m2t
v2h
m2V
m4S
≈ 4.1× 10−26cm3s−1(ηSV )2c2S
(
mV
300 GeV
)2(1 TeV
mS
)4
, (5.21)
and for mS < mV
〈σv〉(V V → t¯t) ≈ 164pi (η
S
V )
2
c2S
m2t
v2h
1
m2V
≈ 2.8× 10−26cm3s−1(ηSV )2c2S
(
1 TeV
mV
)2
,
(5.22)
and
〈σv〉(V V → SS) ≈ 112304pi (η
S
V )
4 1
m2V
≈ 1.7× 10−26cm3s−1(ηSV )4
(
1 TeV
mV
)2
. (5.23)
5.5 Conclusion
In the light of extensive programme of direct DM searches, we assessed the status of
the WIMP paradigm in the context of simplified models, accounting for the current
and projected limits. In the minimal simplified models, the particle spectrum of the
SM should be complemented by just a new state, i.e., the DM candidate, since portal
interactions can be mediated either by the SM-Higgs or by the Z-boson, although in
the last case a theoretically consistent construction is more contrived. In the case of
SM-Higgs portal, for all the DM spin assignations, SI interactions with nucleons are in-
duced. The consequent very strong limits, due to the light mediator, are incompatible
with the thermal relic density ad exception of DM masses above the TeV scale or the
“pole”, i.e., mDM ∼ mh/2, region. This last scenario would nevertheless be ruled out
in the absence of signals at XENON1T (assuming a 2 years of exposure time) and LZ.
In the Z-portal scenario current limits on the SI cross-section already exclude the pole
region. These strong limits can nevertheless be partially overcome in the case where
fermionic DM possesses only axial couplings with the Z boson, as naturally realized
in the case of a Majorana fermion DM. In this particular case, the thermal DM with
mass of a few hundreds GeV would remain viable even in the absence of signals at the
next generation detectors.
The SM-Higgs and Z-portal setups are easily extended to the cases of BSM scalar
mediator. Despite of the different velocity dependencies of the annihilation cross-
sections, the regions of the correct DM relic density are then mostly determined by
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Yukawa structure of the couplings between the mediator and the SM fermions. The
correct DM relic density is indeed obtained, far from the resonance regions, only when
the t¯t and/or SS annihilation channels are kinematically open. Given the several free
parameters, for clarity of the picture, we have focused our investigation on the masses
of the new particle states and fixed the couplings to be close to O(1). The current
limits still allow masses of a few hundreds GeV for both the DM and the mediator while
XENON1T, in the absence of signals after 2 years of exposure, will exclude mediator
masses up to approximately 1 TeV and DM masses up to a few TeV. As a consequence,
in this setup, the thermal DM is achieved in the most part of the parameter space,
in the pole region which requires particular fine tuning because of the typical small
decay width of the scalar mediator.
In conclusion, simplified models are quite appealing and extremely predictive as
WIMP constructions as only a few number of extra degrees of freedom need to be in-
voked and because of the posibility to confront these models with existing constraints
from direct detection. However, we have shown that upcomming constraints from fu-
ture experiments will completely exclude or push the viable values of some parameters
of the most simplified model in a corner of the parameter space, resulting in the need to
introduce extra degrees of freedom to evade the future bounds from DD experiments.
As new degrees of freedom have to be introduced, the simplicity of such constructions
might become questionable and one would need more elaborated and motivated mod-
els to explain the presence of Dark Matter in our universe in the WIMP paradigm,
while facing all the current experimental constraints and theoretical consistency of
these models.
94 Chapter 5. A first approach: simplified models
95
Chapter 6
Z ′ portal through Chern-Simons
interaction
Contents
6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . 95
6.2 Chern-Simons couplings . . . . . . . . . . . . . . . . . . . . 97
6.2.1 Anomalies in gauge theories . . . . . . . . . . . . . . . . . . 97
6.2.2 Anomaly cancellation and Chern-Simons couplings . . . . . 99
6.3 Scenario-I: Z ′-Z interaction via Kinetic mixing . . . . . . . 101
6.3.1 Dark Matter Phenomenology . . . . . . . . . . . . . . . . . 104
6.3.2 Collider phenomenology . . . . . . . . . . . . . . . . . . . . 108
6.3.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109
6.4 Scenario-II: Z ′-Z interaction via a second Chern-Simons
term . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112
6.4.1 The Lagrangian . . . . . . . . . . . . . . . . . . . . . . . . . 112
6.4.2 Relic density . . . . . . . . . . . . . . . . . . . . . . . . . . 113
6.4.3 Indirect detection . . . . . . . . . . . . . . . . . . . . . . . . 114
6.4.4 Direct Detection . . . . . . . . . . . . . . . . . . . . . . . . 114
6.4.5 Collider phenomenology . . . . . . . . . . . . . . . . . . . . 114
6.4.6 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116
6.5 Generation of a Chern-Simons coupling from a UV com-
plete model . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117
6.6 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121
6.1 Introduction
As discussed in Chapter 5, in the simplest WIMP realization, a Dark Matter candidate
is introduced, typically a scalar of fermion, and is assumed to be singlet under the SM
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gauge group, featuring interactions with the SM states mediated by the Z or the SM-
Higgs boson. Similar theoretical frameworks have also been addressed considering a
vectorial DM [274,279,295–305].
Unfortunately, such simple models, except for a very few exceptions, are criti-
cally challenged by the existing and expected upcoming DM searches from the di-
rect, indirect and collider probes. However, to ensure elucidate predictions, it is
nevertheless necessary to investigate theoretical competence of these simplified se-
tups [238, 239, 248, 249, 306], i.e., for example, whether they have consistent unitarity
behaviours, reasonable Ultra-Violet (UV) completion and how they can be embedded
into unified theory frameworks.
In the simplified model framework, the easiest solution to account for the DM
stability is to assume an additional discrete symmetry. From the Standard Model,
we know that the typical structure of such global symmetries is intimately connected
to gauge symmetries as in some cases, global symmetries can be remnants of sponta-
neously broken gauge symmetries for instance. In such cases, the Dark Matter stability
could naturally emerge as a consequence of a more complex broken gauge structure
which would naturally embed supplementary degrees of freedom that could mediate
interactions between the dark sector and the SM particle content. The case of spin-1
mediators deserves serious attentions as phenomenological study of these frameworks
reveals intricate complementary aspects of DM searches with relevant collider obser-
vations (see Ref. [7] for a thorough discussion). An intriguing origin of such spin-1
mediator(s) can arise as gauge boson(s) of some beyond the SM (BSM) gauge group(s),
Abelian or non-Abelian, that simultaneously assigns non-zero gauge charge(s) also for
the DM candidate. A spin-1 mediator, maintaining gauge invariance and renormaliz-
ability, can couple to the SM Electro-Weak (EW) gauge boson, and thus, subsequently
to other SM particles, in a few different ways, 1 e.g., via a kinetic mixing2 [307–310]
or using a Chern-Simons (CS) interaction [284, 287, 288, 311]. The former can either
appear naturally in Lagrangian preserving the gauge invariance and renormalizability
of the SM [307,309,310] or can be generated after integrating out the heavy fermionic
degrees of freedom [307,308] charged under both the SM and BSM gauge groups. The
latter can also arise in an analogous way after integrating out such heavy degrees of
freedom, as extensively studied in Ref. [285]. The presence of these new fermionic
degrees of freedom, if chiral under some representations, introduces new challenges
to construct an anomaly free model framework 3. This goal is customarily achieved
by arranging anomaly cancellation in the chiral sectors of the theory, by assigning
specific couplings/charges for the involved particle species, e.g., by considering dis-
tinct couplings between the SM chiral fermions, and possibly also the DM, with the
BSM spin-1 mediator as discussed in Ref. [6] in the context of unified theories. Some
classes of anomalies, like the triangle ones involving Abelian, non-Abelian or a mix-
1A BSM spin-1 mediator can couple to the SM EW gauge bosons also via the well-known sponta-
neous symmetry breaking and Higgs mechanism, provided that the SM-Higgs doublet has non-zero
charges under the BSM gauge groups. Spontaneous symmetry breaking in the BSM sector is triggered
with new SM singlet scalar which may or may not mix with the SM-Higgs. We do not consider this
possibility in our analysis.
2A kinetic mixing, from the principle of gauge invariance, is allowed only between the vector
bosons of Abelian groups.
3One can always consider these new fermions to transform vector-like with respect to the SM
gauge groups such that no new chiral anomalies appear in the SM.
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ture of the two gauge groups can, alternatively be cured through the Green-Schwarz
mechanism [312,313].
In this chapter, we consider specific frameworks that are inspired by the Green-
Schwarz mechanism (see also Refs. [287, 311]), i.e., the connection between the DM
and the Z ′ is mediated by a CS interaction. The vectorial DM can be identified as
the cosmologically stable gauge boson of a new BSM symmetry group while the Z ′
can arise from another BSM Abelian or non-Abelian gauge groups. Confining within
the framework of Abelian theory, we will explore two possibilities of how a Z ′ can
coordinate with the SM: (1) gauge invariant renormalizable kinetic mixing between the
field strength of Z ′ with Bµν , the SM hypercharge field strength and, (2) a second CS
interaction involving Z ′ and the SM hypercharge vector B. For both these scenarios we
extensively investigate the impact of measured relic density [14] as well as the existing
and anticipated sensitivity reaches from Direct Detection (DD) and Indirect Detection
(ID) experiments on the associated model parameter spaces. We also explore relevant
theoretical constraints like EW Precision Tests (EWPTs), UV completion etc. for
these setups. Finally, for completeness, we also discuss the possible pertinent collider
aspects of these models such as invisible Z-decay width, mono-X, dijets or dilepton
searches.
6.2 Chern-Simons couplings
In this section we briefly review some relevant aspects of anomalies in gauge theories
and the role of Chern-Simons terms in anomaly cancellation mechanisms. Sec. 6.5
and B.1 are devoted to the construction of a specific framework giving rise to the
Chern-Simons couplings considered in this chapter.
6.2.1 Anomalies in gauge theories
Anomalies are non-conservation of a symmetry of the classical action that can arise
from quantum corrections in theories comprising chiral fermionic content. As gauge
invariance is an essential ingredient of the Standard Model by ensuring its renormal-
izability and unitarity, the presence of anomalies could have severe consequences and
jeopardize the gauge invariance, rendering the theory completely inconsistent. In order
to understand how anomalies can arise in gauge theories, consider the following QED
Lagrangian:
L ⊃ −14F
µνFµν + ψ¯(i∂ −m)ψ − eψ¯ Aψ . (6.1)
This Lagrangian is invariant under a global vector U(1)V and non-invariant under a
global axial U(1)A transformations:
ψ → eiαψ , ψ → eiβγ5ψ . (6.2)
We can associate a conserved Noether current JµV to the vector symmetry
JµV = ψ¯γµψ , ∂µJ
µ
V = 0 . (6.3)
Axial symmetry is not a symmetry of the QED Lagrangian but is restored in the limit
where the mass is sent to 0 as only a mass term involves two different chiralities. The
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Figure 6.1 – Diagrams generating potential divergences of the vector and axial
currents.
corresponding current JµA can be written as:
JµA = ψ¯γµγ5ψ , ∂µJ
µ
A = 2imψ¯γ5ψ . (6.4)
However as discussed further on, even in the limit where m → 0, divergences of the
axial and vector current can be generated from loop diagrams involving three external
gauge bosons and a triangular loop of fermions. For instance consider the 3-point
correlation function, as depicted in Fig. 6.1, involving a loop of fermions in presence
of background fields:
Γµαβ(p, q) = 〈JµAJαV JβV 〉 (6.5)
The amplitude can be written as a sum of two terms corresponding to the diagrams
represented in Fig. 6.1 as:
Γµαβ(p, q) =e2
∫ d4`
(2pi)4 Tr
[ i
`−m+ iγµγ5
i
`− p− q −m+ i
γβ
i
`− p−m+ i
γα
]
+
 p↔ q
α↔ β
 . (6.6)
In the limit of vanishing external momenta and mass the amplitude reads:
Γµαβ(p, q) ∝
∫ Λ
0
`3 d`
`3
γµγ5γ
αγβ ∝ Λ (6.7)
The high energy behavior of the integrand shows that each diagram present a diver-
gence linear in the energy cutoff Λ. However, the value of linearly divergent integrals
depends explicitely on the shift of the momentum to be integrated over. For instance,
shifting the momentum `µ → `µ + aµ of a linearly divergent integral by a vector aµ
would result in a different value for the integral of a factor ∆α(aµ) which can be
schematized as:
∆α(aµ) =
∫ d4`
(2pi)4 (F
α[`+ α]− Fα[α]) ∝ ia
α
32pi2 , (6.8)
where Fα is the integrand function. Shifting the integrand would change the value
of the linearly divergent integral independently of fermion masses. Therefore we can
compute the amplitude in Eq. (6.7) by setting m = 0 and by shifting the momentum
`µ → `µ + β1pµ + β2qµ in the first diagram and shifting `µ → `µ + β1qµ + β2pµ in the
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second diagram, by requiring Bose symmetry. The divergences of the currents are thus
given by:
(p+ q)µΓµαβ(p, q) =
e2
4pi2 
αβρσ(β1 − β2)pρqσ ,
pαΓµαβ(p, q) =
e2
4pi2 
µβρσ(1− β1 + β2)pρqσ . (6.9)
As a result, there is no choice of the parameters β1 and β2 that allows for a simultaneous
conservation of the axial and vector currents. In order to preserve the gauge invariance,
and since the axial symmetry is already broken by fermion masses, we choose β1−β2 =
1, in which case:
(p+ q)µΓµαβ(p, q) =
e2
4pi2 
αβρσpρqσ , and pαΓµαβ(p, q) = 0 , (6.10)
showing explicitely the non-invariance under an axial transformation which is the prize
to pay to restore the gauge symmetry of QED at least to the one loop level. Another
way to understand the non-conservation of the axial symmetry is to look at the effect
of a chiral transformation on the path integral measure in QED∫
DψDψ¯DA exp
[
i
∫
d4xLQED
]
, (6.11)
which becomes after the transformation ψ → eiβγ5ψ:∫
DψDψ¯DA exp
[
i
∫
d4x
(
LQED − JµA∂µβ + β
e2
16pi2 
µναβFµνFαβ
)]
, (6.12)
which gives after integrating by parts, dropping the surface terms and performing an
expansion in β:
∂µJ
µ
A = −
e2
16pi2 
µνρσFµνFρσ . (6.13)
This formula matches the expression found in Eq. (6.10) and it can be shown that
higher orders in perturbation theory does not contribute to the axial or vector anoma-
lies implying an exact determination at the one loop level. This unique effect is due
to the very specific topology of triangle diagrams involving fermions in four dimen-
sions. Therefore, controlling divergences of the currents at the one loop level suffices
to ensure the validity of the corresponding symmetries at all orders in perturbation
theory.
6.2.2 Anomaly cancellation and Chern-Simons couplings
In QED it is always possible to choose a shift vector to ensure the conservation of the
vector current. However in chiral theories, the left- and right-handed fermionic compo-
nents do not interact identically with gauge fields, therefore the previous statement is
not always verified. For instance, in the Standard Model, fermions charged under the
electroweak gauge group U(1)Y × SU(2)L possesses chiral couplings, thus one could
expect anomalies arising from diagrams with SU(2)2LU(1)Y 4 gauge fields as external
4Notation corresponding to diagrams with two SU(2)L and one U(1)Y gauge fields as external
legs.
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legs. One can generalize anomalies to non-abelian gauge theories with the following
currents:
Jaµ =
∑
ψ
ψ¯iT
a
ijγµψj , (6.14)
where T aij are the group generators. In this case, the divergence of the current is
generated by triangle diagrams, as depicted in Fig 6.1, connected to non-abelian gauge
fields Ab and Ac:
∂αJ
α,a =
∑
left,right
Tr[T aR{T bR, T cR}]
g2
128pi2 
µνρσF bµνF
c
ρσ , (6.15)
where R denotes the representation of the chiral fermion running in the loop and the
sum as to be performed over all possible left- and right-handed states. It can be shown
that all the possible anomalous terms Tr[T aR{T bR, T cR}] in the Standard Model cancel
out. For instance the lepton contribution ` in the SU(2)2LU(1)Y anomalous term is
cancelled by the quark contribution q:
Y` + 3Yq = 0 , (6.16)
where Y`,q denote the hypercharges of leptons and quarks. These fine-tuned cancella-
tions might seems mysterious and actually set strong constraints on theories involving
more complex gauge structures. Another possibility to ensure gauge invariance if these
cancellations does not occur naturally in a theory, is to rely on the Green-Schwarz
mechanism [312]. Consider a theory respecting several abelian gauge symmetries in-
dexed by i = 1, 2, 3 with corresponding gauge fields Aµi . Assuming that these sym-
metries are realized a la Stueckelberg with axions named ai. Below the symmetry
breaking scales of the U(1) gauge groups considered, if the charge assignment of the
fermions does not allow the anomalous term in Eq. (6.15) to vanish, the set fermions is
said to be anomalous5 and as a result the gauge variation of the effective Lagrangian
generated by triangle diagrams involving those fermions would not vanish
δLtriangle 6= 0 . (6.17)
However, in this setup, one would expect effective couplings between axions and gauge
fields in the form
Laxion ∝ ai
vi
µνρσF µνj F
ρσ
k , (6.18)
where vi is the breaking scale of U(1)i. As the gauge variation of the axion ai under a
U(1)i transformation Aµi → Aµi + ∂µαi is ai → ai +miαi, where mi is the mass of Aµi ,
the gauge variation of Laxion does not vanish. In order to restore the gauge symmetry
and ensure the validity of the theory, one can consider additional so-called Generalized
Chern-Simons (GCS) [285] terms6:
LGCS ∝ µνρσAµi AνjF ρσ . (6.19)
These local terms are not gauge-invariant but the idea behind the Green-Schwarz mech-
anism is that the total gauge variation of the triangle, axion and GCS contributions
cancels out:
δ
(
Ltriangle + Laxion + LGCS
)
= 0 , (6.20)
5Defined as a set of fermions for which the value of ∂µJµ computed using Eq. (6.15)
6abusively called Chern-Simons in the following for simplicity.
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rendering the low-energy theory anomaly free and consistent. GCS terms can arise
from string constructions or can be generated in quantum field theory, as a low energy
remnant term generated by a set of heavy anomalous fermions. In the former case, one
interesting point regarding GCS terms is that their effective couplings are expected to
depend on the heavy fermion masses. However, gauge variations of the GCS terms do
not depend on any energy scale allowing to cancel anomalies of light fermions in spite
of several orders of magnitude of difference between the heavy and light fermion mass
scales. More details regarding GCS terms can be found in [285] and in Sec. 6.5 and B.
6.3 Scenario-I: Z ′-Z interaction via Kinetic mixing
In this section we study the aforesaid type-I scenario when the ”dark sector”, comprised
of a vectorial DMXµ and a spin-1 vector boson V˜µ, is ”secluded” from the visible sector,
i.e., there exists no direct coupling between this dark sector and the SM fermions 7.
TheseXµ and V˜µ, for example, can appear as the gauge bosons of some BSM U(1)X and
U(1)V groups and we consider a CS interaction to connect them together. A bridge
between the dark sector and the SM now appears via a kinetic mixing of V˜µν and
Bµν , the field strengths associated with BSM U(1)V and the SM U(1)Y gauge group,
respectively. A similar kinetic mixing between Xµν and Bµν , being renormalizable and
allowed by the SM gauge invariance, should also be included in a general Lagrangian.
However, we do not consider this possibility for the stability of the DM and postpone
further discussion in this direction till Sec. 6.5. The relevant phenomenology of the
said model can be described by the following low-energy effective Lagrangian:
L ⊃− 14B
µνBµν − 14X
µνXµν − 14 V˜
µνV˜µν − sin δ2 V˜
µνBµν
+ αCSµνρσXµV˜νXρσ +
m2V
2 V˜
µV˜µ +
m2X
2 X
µXµ, (6.21)
here δ is the kinetic mixing parameter and αCS represents the effective coupling of CS
operator. Xµν gives the field strength of U(1)X group and mV , mX represent mass
terms of the mediator and the DM. Thus, one gets a set of four free inputs, namely,
δ, αCS, mV and mX whose ranges will be tested subsequently imposing a series of
theoretical and experimental constraints. The presence of kinetic mixing in eq. (6.21)
implies non-canonical kinetic term for Bµν and also for V˜µν . In order to generate
diagonal kinetic terms in the physical or mass basis one should invoke three different
rotations [314–317]. The first rotation, involving then angle δ, takes Bµ, V˜µ to a basis
(say Bintµ , V˜ intµ ) with diagonal kinetic terms. The second rotation, after EW symmetry
breaking (EWSB), via angle θ
W˜
, takes this Bintµ together with W 3µ to the intermediate
Aµ, Z
int
µ basis. Finally, the third rotation through another angle φ, leaving the massless
photon aside, takes Z intµ , V˜ intµ to the Zµ, Z ′µ basis where Zµ, Z ′µ are associated with the
physical Z and Z ′ boson. In summary, the initial Bµ, W 3µ , V˜µ basis can be related to
the physical Aµ, Zµ, Z ′µ basis in the following way:
7The other possibility, i.e., the dark sector has direct couplings with the SM fermions is reviewed
recently in Ref. [7].
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
Bµ
W3µ
V˜µ
 =

c
W˜
−s
W˜
cφ + tδsφ −sW˜ sφ − tδcφ
s
W˜
c
W˜
cφ cW˜ sφ
0 −sφ
cδ
cφ
cδ


Aµ
Zµ
Z ′µ
 , (6.22)
where tδ, cδ, cW˜ , sW˜ , sφ, cφ ≡ tan δ, cos δ, cos θW˜ , sin θW˜ , sinφ, cosφ with:
tan 2φ =
m˜2ZsW˜ sin 2δ
m2V − m˜2Z(c2δ − s2W˜ s2δ)
, (6.23)
here sδ ≡ sin δ. The quantities θW˜ , m˜Z do not represent the measured values of
Weinberg angle and Z-boson mass [74] but are related to them as will be explained
later. The masses of Z ′ and Z are written as:
m2Z′,Z =
1
2
m˜2Z(1 + s2W˜ t2δ) + m2Vc2δ ±
√√√√(m˜2Z(1 + s2W˜ t2δ) + m2Vc2δ )2 −
4
c2δ
m˜2Zm
2
V
 , (6.24)
which gives mZ ' m˜Z in the experimentally favoured limit δ  1, along with mZ′ '
mV . Notice that the transformation used in Eq. (6.22) is valid only if one of these two
conditions is met:
m2V
m˜2Z
≥ 1 + 2s
W˜
tan2 δ + 2
√
s2
W˜
tan2 δ
(
1 + s2
W˜
tan2 δ
)
,
m2V
m˜2Z
≤ 1 + 2s
W˜
tan2 δ − 2
√
s2
W˜
tan2 δ
(
1 + s2
W˜
tan2 δ
)
. (6.25)
One should note that the transformation of Eq. (6.22) does not change the photon
coupling [314], implying the following identity:
s
W˜
c
W˜
m˜2Z = sW cWm2Z =
piα(mZ)√
2GF
, (6.26)
where sW , cW ≡ sin θW , cos θW are associated with the measured value of Weinberg
angle θW [74]. α(mZ) is the fine structure constant at the energy scale mZ and GF
represents the Fermi constant [74]. One should also consider the invariance of W -boson
mass under the transformation of Eq. (6.22), i.e., m2W = m2Zc2W = m˜2Zc2W˜ which allows
us to express the ρ parameter [74] as:
ρ =
m˜2Zc
2
W˜
m2Zc
2
W
, (6.27)
with the experimental measured value given by ρ− 1 = 4+8−4× 10−4 [74]. Further, from
the EWPT one can consider a simple and conservative limit on δ as [315,318]:
δ . arctan
[
0.4
(
mZ′
TeV
)]
. (6.28)
It is now apparent that one can use Eq. (6.26), Eq. (6.27) and Eq. (6.28) to discard
experimentally disfavoured values of the kinetic mixing parameter δ. Further con-
straints on δ can emerge from various other experimental observations. The mixing
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among Bµ, W 3µ and V˜µ (see Eq. (6.22)), couples the SM fermions and the DM with the
Z boson. The latter coupling implies an enhancement of the invisible Z decay width
for 2mX < mZ . Hence, the parameter δ, along with mV , will receive constraints from a
plethora of different collider searches like dileptons (pp→ Z ′→ e+e−, µ+µ−) [319–321],
dijets (pp → Z ′ → q¯q) [322–325], mono-X (pp → Z ′ + X, Z ′ → DM pairs) with
X = q/g [326], W [327], Z [327, 328], γ [329–331], SM-Higgs [332–334], etc., invisible
Z decay width [74] and a few others. The dijets and mono-X searches also restrict the
parameters αCS, mX . Finally, the DM phenomenology, i.e., the correct relic density,
DD and ID results will also put limits on the parameters δ, αCS, mV and mX . We
note in passing that for numerical analyses we have traded the parameter mV with
the physical mass mZ′ using Eq. (6.24). In the mass basis, the Lagrangian relevant for
our subsequent analysis is given by:
LZ/Z′,SM = f¯γµ
(
gZfLPL + g
Z
fR
PR
)
fZµ + f¯γµ
(
gZ
′
fL
PL + gZ
′
fR
PR
)
fZ ′µ + gZW [[W+W−Z]]
+ gZ′W [[W+W−Z ′]] +
ghZZ
2 Z
µZµh+ ghZZ′Z ′µZµh+
ghZ′Z′
2 Z
′
µZ
′µh
− αCS sφ
cδ
µνρσXµXρσZν + αCS
cφ
cδ
µνρσXµXρσZ
′
ν , (6.29)
here PL(R) = (1± γ5)/2 and
gZfL = gY YL(−sW cφ + tδsφ) + gW Iz(cW cφ), gZfR = gY YR(−sW cφ + tδsφ),
gZ
′
fL
= gY YL(−sW sφ − tδcφ) + gW Iz(cW sφ), gZ′fR = gY YR(−sW sφ − tδcφ), (6.30)
where gY is the gauge coupling of U(1)Y , Iz is the 3rd component of the weak isospin,
YL,R are hypercharge of the left- and right- chiral fermions, gW is the SU(2)L gauge
coupling.
gZW = gW cW cφ, gZ
′
W = gW cW sφ, (6.31)
ghZZ = 2vh
[gY
2 (−sW cφ + tδsφ)−
gW
2 (cW cφ)
]2
,
ghZZ′ = 2vh
[gY
2 (−sW sφ − tδcφ)−
gW
2 (cW sφ)
][gY
2 (−sW cφ + tδsφ)−
gW
2 (cW cφ)
]
,
ghZ′Z′ = 2vh
[gY
2 (−sW sφ − tδcφ)−
gW
2 (cW sφ)
]2
, (6.32)
here vh is the vacuum expectation value (VEV) of the SM-Higgs doublet and a factor
‘2’ appears in ZZh, Z ′Z ′h vertices due to the presence of identical particles. For the
αCS
−sφ(cφ)
cδ
µνρσXµXρσZν(Z
′
ν) term, considering the following momentum assignments
Xµ(pa)Xν(pb)Zρ/Z ′ρ one can use
gZX = −2αCS
sφ
cδ
, gZ
′
X = 2αCS
cφ
cδ
, (6.33)
for subsequent relevant analytical formulae like DM pair annihilation cross-section etc.
Once again the factor ‘2’ appears due to identical particles. Lastly
[[W+W−Z(′)]] ≡ i
[
W+µνW
−µZ(
′)ν −W+µνW−µZ(
′)ν + 12Z
(′)µν
(
W+µ W
−
ν −W+ν W−µ
)]
.
(6.34)
With these analytical expressions now we will discuss the DM phenomenology of this
framework in the next subsection.
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6.3.1 Dark Matter Phenomenology
In this subsection we discuss the DM phenomenology in the light of various constraints
coming from the requirement of correct relic density and consistency with the existing
and/or upcoming DD and ID results. The DM is produced in the early Universe ac-
cording to the WIMP paradigm. We will subsequently discuss how these observations
can affect the accessibility of the chosen set-up at the present or in the near future
DM detection experiments, assuming projected search sensitivities. Nevertheless, for
the sake of completeness, we will also qualitatively discuss the complementary limits
arising from the EWPT, collider searches, etc. We start our discussion in the context
of accommodating correct relic density and successively will address the restrictions
coming from direct and indirect DM searches.
Relic density
In the chosen framework, the DM pair can annihilate into the SM fermions (f¯f) and
W+W−, as well as in Zh and Z ′h final states, through s-channel exchange of the
Z/Z ′ boson, and into ZZ, ZZ ′ and Z ′Z ′ final states, through t-channel exchange of a
DM state. Approximate analytical expressions of the corresponding annihilation cross-
sections are obtained through the expansion 〈σv〉 ' a+bx−1+... with x = mX
T
[80,335],
T being the temperature. We remind, however, that the aforesaid approximation is
not reliable over the entire parameter space [336], e.g., the pole regions mX ∼ mZ,Z′2 .
Hence, all results presented in this chapter are obtained through full numerical com-
putations using the package micrOMEGAs [337–339], after implementing the model
in FeynRules [340,341]. The DM annihilation cross-sections in the possible final states
are given as:
• XX → f¯f :
〈σv〉f¯f '
ncm
2
f
3pi
√√√√1− m2f
m2X

(
gZfL − gZfR
)
gZX
m2Z
+
(
gZ
′
fL
− gZ′fR
)
gZ
′
X
m2Z′
2 1
x
+ nc108pi
(gZX)2
(
(gZfL)
2 + (gZfR)
2
)
m4Z
+
(gZ′X )2
(
(gZ′fL)
2 + (gZ′fR)
2
)
m4Z′
+
2gZ′X gZX
(
gZ
′
fL
gZfL + g
Z′
fR
gZfR
)
m2Z′m
2
Z
 1
x2
, (6.35)
where we have written not only the leading 1/x (p-wave) term but also the
second order 1/x2 (d-wave) one which appears to be the dominant one since the
first one is suppressed by the square of SM fermion mass m2f . The parameter nc
denotes colour factor with a value of 3 (1) for quarks (leptons).
• XX → W+W− :
〈σv〉W+W− ' 59pim4W
(
gZXg
Z
WmX
4 −
gZ
′
X g
Z′
Wm
3
X
m2Z′
)2 1
x2
, for mW,Z  mX  mZ′ .
(6.36)
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• XX → Zh :
〈σv〉Zh ' 23pi
m6X
m6Z
(
gZXghZZ
4m2X
− g
Z′
X ghZZ′
m2Z′
)2 1
x
, for mZ ∼ mh  mX  mZ′ .
(6.37)
• XX → Z ′h :
〈σv〉Z′h ' 124pi
m2X
m6Z′
(
ghZZ′g
Z
X + ghZ′Z′gZ
′
X
)2 1
x
, for mZ ∼ mh  mZ′  mX .
(6.38)
• XX → ZZ :
〈σv〉ZZ ' 8α
4
CSδ
4m2Xm
4
Zs
4
W
9pim8Z′
, for mZ  mX  mZ′ . (6.39)
• XX → Z ′Z ′ :
〈σv〉Z′Z′ ' 8α
4
CSm
2
X
9pim4Z′
, for mZ  mZ′  mX . (6.40)
• XX → Z ′Z :
〈σv〉Z′Z ' 16α
4
CSδ
2m2Xm
2
Zs
2
W
9pim6Z′
, for mZ  mZ′  mX . (6.41)
As evident from the above expressions that annihilation channels originated by s-
channel exchange of the Z/Z ′ feature a suppressed annihilation cross-section, at least
p-wave or even d-wave in the cases of W+W− and f¯f final states (see Eq. (6.36) and
Eq. (6.35)). For the latter a p-wave contribution is also present but it is helicity sup-
pressed. The t-channel induced annihilations feature, instead, a s-wave cross-section.
The cross-section into ZZ pairs (see Eq. (6.39)) is anyway suppressed by an higher
power of the kinetic mixing parameter δ, with respect to the other annihilation chan-
nels.
The DM pair annihilation cross-section, as depicted in Fig. 6.2, typically lies much
below the thermally favoured value, i.e., 10−26 cm3 s−1, ad exception of the pole regions
mX ∼ mZ/2,mZ′/2, or DM masses above several hundreds of GeV so that at least
annihilations into ZZ ′ final state appears kinematically accessible.
Indirect Detection
At the moment, the strongest limits come from searches of the gamma-rays produced
in the DM annihilations. For DM masses below a few hundred GeVs, these limits
are set by the FERMI satellite [342] and exclude the thermally favoured values of
〈σv〉 for mX < 100 GeV. For higher values of mX the best sensitivity is achieved by
HESS [343] which has put a limit 〈σv〉 . 10−25cm3 s−1 for mX ∼ 1 TeV, considering a
Einasto density profile for the DM.
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Figure 6.2 – Variation of the thermally averaged DM pair annihilation cross-section
〈σv〉, at thermal freeze-out, as function of the DM mass mX for mZ′ = 400 GeV (left)
and 800 GeV (right) with two values of αCS = 0.1 (red coloured solid line) and 0.5
(orange coloured solid line) keeping kinetic mixing parameter δ = 0.1. The black
coloured dashed line represents the thermally favoured value of 〈σv〉 =
3× 10−26 cm3 s−1. The magenta coloured region with dashed outline represents the
resultant exclusion from the combined FERMI-LAT and MAGIC observations
(abbreviated as FERMI-MAGIC in all the successive relevant figures) while the blue
coloured region with dashed boundary represents the region already excluded by
HESS for a Einasto density profile of the DM. Finally, the purple colour region with
dashed outline represents the expected future exclusion from CTA.
As shown earlier while discussing the relic density that most of the DM annihi-
lation processes have a p-wave (or even d-wave) annihilation cross-section, i.e., they
are velocity dependent. As a consequence the DM annihilation at present times is
suppressed by several orders of magnitude with respect to its value at the thermal
freeze-out and thus, limits from DM ID are actually not effective. ID can probe the
WIMP paradigm for the DM relic density only when the latter is mostly determined
by processes with an s-wave (i.e., velocity independent) annihilation cross-section. In
our setup this requirement is fulfilled by annihilation into Z ′Z and Z ′Z ′ states (see
Eq. (6.41) and Eq. (6.40)). The other s-wave dominated annihilation into ZZ final
state (see Eq. (6.39)), as already addressed, is insignificant as it is suppressed by the
fourth power of kinetic mixing parameter δ.
We have thus compared the DM annihilation cross-section into Z ′Z and Z ′Z ′ final
states with the limits derived from combined analysis of the MAGIC and FERMI-
LAT observations (abbreviated as FERMI-MAGIC) of the dwarf spheroidal galaxies
(dSphs) [190]. We also consider limits from 10 years of observations towards the inner
galactic halo by HESS [185]. In the absence of a dedicated analysis for the considered
final states we have applied the limit for gamma-rays originating from W+W− pairs.
This choice is reasonable since the Z ′ decays efficiently into hadrons as the SM gauge
bosons. Any mild change in the limits as a result of this assumption is beyond the
scope of our current work.
Results concerning changes of the DM pair annihilation cross-section at thermal
freeze-out with the DM mass mX are reported in Fig. 6.2 for specific assignations of
the other relevant inputs. As evident from this figure that the impact of ID limits from
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FERMI-MAGIC (magenta coloured region) and HESS (blue coloured region) appears
to be rather limited. This can be understood by looking at this simple analytical
estimate for 〈σv〉Z′Z′ :
〈σv〉Z′Z′ ' 8α
4
CSm
2
X
9pim4Z′
' 3× 10−28 cm3 s−1
(αCS
0.1
)4( mX
1 TeV
)2( mZ′
1 TeV
)−4
, (6.42)
which shows that a value of the cross-section equal or bigger than the thermal expecta-
tion i.e., ∼ O(10−26 cm3 s−1), can be achieved only for masses of the Z ′ not exceeding
a few hundreds of GeV and/or αCS ∼ 0.5. Such value of αCS, however, is somewhat
extreme since this coupling is expected to have a radiative origin as will be discussed
later. The impact of possible limits from ID will be anyway increased in the near
future by Cherenkov Telescope Array a.k.a. CTA [10, 187, 191, 344–346] which is re-
ported (purple coloured region) in Fig. 6.2, assuming a projected limits from 500 h of
observation towards the galactic center.
Direct detection
In the case of Spin Independent (SI) interactions of the DM with nuclei, a cross-
section ∼ O(10−46 cm2), for DM mass of 50 GeV, has been excluded by the LUX [156],
PandaX [347] and Xenon1T [348] experiments. In the chosen setup (see Eq. (6.21)),
scattering of the DM with nucleons is originated, at the microscopic level, by an
interaction between the DM and the SM quarks mediated via t-channel exchange of
the Z/Z ′ boson. An interaction of this kind, in the non-relativistic limit, is described
by the following effective operator [338]:
LDM scattering =
(
gZXa
Z
q
m2Z
+
gZ
′
X a
Z′
q
m2Z′
)
(∂αXβXν −Xβ∂αXν) αβνµq¯γµγ5q, (6.43)
where aZ′q =
gZ
′
qR
− gZ′qL
2 and a
Z
q =
gZqR − gZqL
2 , which corresponds to a SD interaction
with squared amplitude:
|M|2 = 32m
2
Xm
2
N
m4Zm
4
Z′
(∑
q
aZq ∆Nq gZXm2Z′ +
∑
q
aZ
′
q ∆Nq gZ
′
Xm
2
Z
)2
, (6.44)
withmN denoting the mass of a nucleonN = p, n while ∆Nq represents the contribution
of the quark q to the spin of the nucleon N . The SD scattering cross-section can be
straightforwardly derived, taking into account the multiple isotopes present in the
detector material as:
σSDXp =
2
pi
µ2Xp
m4Zm
4
Z′
∑
A
ηA
(
SAZ g
Z
Xm
2
Z′ + SAZ′gZ
′
Xm
2
Z
)2
∑
A
ηA
(
SAn + SAp
)2 , (6.45)
where µXp = mXmp/(mX + mp) is the reduced mass for the DM-proton system and
SA
Z(′) = a
Z(′)
u (∆puSAp + ∆
p
dS
A
n ) + aZ
(′)
d [(∆
p
d + ∆ps)SAp + (∆pu + ∆ps)SAn ]. Here SAp,n repre-
sents the contribution of protons and neutrons to the spin of a nucleus with atomic
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number A while ηA represents the relative abundance of a given isotope of the element
constituting the target material. Notice that the result is almost independent of the
DM mass since the only dependence through µXp will vanish for mX  mp giving
µXp ∼ mp. A simple estimate of σSDXp can be performed assuming δ, αCS  1 as:
σSDXp ' 6× 10−50cm2
( δ
0.1
)2(αCS
0.1
)2( mZ′
1 TeV
)−4
, (6.46)
which gives values of σSDXp well below the current maximal sensitivity (10−41cm2), and
remains also beyond the reach of next generation detectors for the chosen set of pa-
rameter values, consistent with other existing constraints.
6.3.2 Collider phenomenology
Phenomenological models, where the DM candidate interacts with the SM fields through
a spin-1 mediator typically posses a rich collider phenomenology. In the case when
on-shell production of a Z ′ is kinematically accessible in proton-proton collision, de-
tectable signals can appear from the decays of Z ′ into SM fermions, showing a new
resonance in the invariant mass distribution of dijets [322–325] or dileptons [319–321] as
well as from possible decay of a Z ′ into DM pairs which can be probed through mono-X
searches (X= hadronic jets, photon, weak gauge bosons, SM-Higgs) [326,327,327–334]
accompanied by moderate/large missing transverse energy/momentum. Interestingly,
the relative relevance of these two kinds of searches, i.e., resonances and mono-X
events, is mainly set by the invisible decay branching fraction (Br) of the Z ′ which, in
turn, is constrained by the DM observables that primarily appears from the require-
ment of correct relic density for the chosen framework.
The impact of experimental limits from resonance searches is depicted in Fig. 6.3
where, for simplicity, we consider 2mX > mZ′ to forbid Z ′ → DM pairs process. For
these analyses we consider all possible quark flavours including top for mZ′ > 2mt
regime while l = e and µ only. Here we have compared the results of numerical
simulations for the chosen setup with the experimental ones including 1σ, 2σ variations
of the production cross-sections as observed in Refs. [322] and [321], respectively. Since
the Z ′-SM fermions mixing (see Eq. (6.30)) appears from an effective Z-Z ′ mixing, both
σ(pp → Z ′) and Br(Z → jj/l+l−) are sensitive to the parameter δ. The resultant
δ2 dependence thus, hints diminishing σ(pp → Z ′) × Br(Z ′ → jj/l+l−) values for
decreasing δ values, as also reflected in Fig. 6.3. It is evident from Fig. 6.3 that once
values of the kinetic mixing parameter δ smaller than O(1) are considered to comply
with the theoretical and EWPT (see Eq. (6.28)) constraints, only the limits from
dileptons resonance searches remain effective. For δ = 0.1, values of mZ′ below 2 TeV
are ruled out while for δ = 0.01, a much weaker lower bound of approximately 300
GeV is obtained on mZ′ . For further lower values of δ, very small δ2 dependence 8
makes mZ′ unconstrained from the aforesaid searches.
In the presence of a non-zero and sizable invisible branching fraction for Z ′, i.e.,
Br(Z ′ → DM pairs), the production cross-sections of dijets/dileptons get suppressed by
the enhanced decay width of Z ′. In such a scenario, the cross-section corresponding to
mono-X signals might become sizable, possibly providing complementary constraints.
We preserve the discussion of such complementary signals for the next subsection.
8Holds true for a resonant production with no/suppressed invisible decay of Z ′.
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Figure 6.3 – Comparison of the production cross-sections for pp→ Z ′ → jj (left
panel) and pp→ Z ′ → l+l− (right panel) processes for an on-shell Z ′ in the chosen
theory framework with the relevant experimental limits [322] and [321], respectively,
as a function of mZ′ for three fixed values of δ = 10−3, 10−2 and 10−1. Here the solid
red coloured curve represents the observed experimental limit while dashed black
coloured line, green and yellow coloured bands represent the expected limit and its
1σ, 2σ ranges. The dotted purple, red and dashed orange coloured lines are used for
δ = 0.001, 0.01 and 0.1 configurations, respectively. For simplicity, we have
considered the case of 2mX > mZ′ so that Z ′ has only visible decays. In our analysis
we consider j = u, d, c, s, b and t for mZ′ > 2mt and l = e, µ.
6.3.3 Results
In this subsection we report the impact of various constraints, as mentioned in the
previous subsections, on the parameter space of the model. As already pointed out
the effect of DD and ID constraints on our model framework is substantially negligi-
ble. Concerning the DM phenomenology, the only relevant constraint comes from the
requirement of the correct relic density. We have then conducted a more extensive
analysis, with respect to the one presented in Fig. 6.2 by performing a scan over the
four free input parameters in the following ranges:
δ ∈
[
10−3, 1
]
, αCS ∈
[
10−2, 1
]
, mX ∈ [100 GeV, 10 TeV] , mZ′ ∈ [100 GeV, 10 TeV] ,
(6.47)
and retaining the model points featuring the correct DM relic density 9 and respecting,
at the same time, constraints from the EWPT, SM ρ-parameter measurement as well
as reproducing experimentally viable mass and width for the Z-boson. The ensemble
of points respecting these aforementioned constraints has been reported in Fig. 6.4, in
the mX-mZ′ bi-dimensional plane with a colour code showing variations in αCS values.
As evident from Fig. 6.4, in agreement with the general discussion of Sec. 6.3.1,
that the correct relic density can be achieved either in the ”pole” region mX ∼ mZ′/2
or for mX & mZ′ , when the process XX → Z ′Z ′ is kinematically allowed.
We have successively examined the impact of collider constraints on our construc-
tion in Fig. 6.5. For a better and elucidate illustration of our findings, we have con-
sidered three fixed assignations of δ, namely 0.001, 0.01 and 0.1 and the same for αCS,
9We consider points corresponding to ΩXh2 = 0.12± 10% variation.
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Figure 6.4 – Summary of results in the bi-dimensional plane mX ,mZ′ for a vectorial
DM with Z ′-portal in the presence of CS interaction and kinetic mixing terms. The
colour code corresponds to the variation in αCS values. The plot reports model
points, generated through a parameter scan, illustrated in the main text, passing
constraints from the DM phenomenology and general constraints on the kinetic
mixing parameter.
0.01, 0.1 and 0.5 keeping mX and mZ′ as the two free varying input parameters. The
relevant results are reported in the three panels of Fig. 6.5 corresponding to the three
different values of δ, namely 0.1 (top-left), 0.01 (top-right) and 0.001 (bottom) where
isocontours of the correct DM relic density are shown for the three assignations of αCS
parameter using three different representations (purple coloured dot-dashed line for
αCS = 0.01, solid red coloured line for αCS = 0.1 and magenta coloured dashed line
for αCS = 0.5). These isocontours have been compared with the limits from dilep-
ton resonances and mono-jet searches. The former is evaluated in a similar fashion
as of Fig. 6.3 by computing the associated cross-section, as a function of the input
parameters δ, αCS,mX and mZ′ using the package MadGraph5 aMC@NLO [349] and
compared with the relevant experimental observations. Contrary to what we did ear-
lier, now we have also accounted for the possibility of a sizable invisible branching
fraction of Z ′ by suitably rescaling the experimental limit according to the procedure
illustrated in Ref. [350].
As evidenced from the top-left panel of Fig. 6.5 that the previously quoted limit
of approximately 2 TeV (see Fig. 6.3, right panel plot) for δ = 0.1 is actually effective
only when mZ′ < 2mX . When decay of a Z ′ into DM pairs is kinematically accessible,
i.e., mZ′ > 2mX , and αCS & O(1), the lower limit on mZ′ can be reduced even to a few
hundreds of GeV. The mono-jet limits have been derived by evaluating the production
cross-section times the detector efficiency and acceptance in the selection of the final
state by generating and analyzing events, corresponding to the process pp → XXj,
through the combination of MadGraph5 aMC@NLO [349] (matrix element calcula-
tion) PYTHIA 8 [351] (event generation and hadronization) and DELPHES 3 (fast
detector simulations) [352]. The selection acceptance for the generated events has
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Figure 6.5 – Summary of the relic density and the collider constraints in the
(mZ′ ,mX) bi-dimensional plane for the three values of δ, 0.1 (top-left), 0.01
(top-right) and 0.001 (bottom) choosing three assignations of αCS, namely 0.5, 0.1,
and 0.01. In each plots the dashed magenta, solid red and dot-dashed purple
coloured curves represent the correct DM relic density for αCS = 0.5, 0.1 and 0.01,
respectively. The regions covered by the light blue colour with dashed boundary,
blue colour with solid outline and dark blue colour with dot-dashed boundary are
excluded by mono-jet searches when one considers the value of αCS = 0.5, 0.1 and
0.01, respectively
been determined by imposing a minimal value of 500 GeV for the missing transverse
energy. The mono-jet limits have been determined by imposing an upper bound of
∼ 6 fb on the product of production cross-section, signal acceptance and the detection
efficiency [324] Our procedure has been validated by reproducing the excluded region
for the benchmark model adopted in Ref. [324].
It is apparent from Fig. 6.5 that both kinds of the collider limits, i.e., dileptons and
mono-jet, are essentially effective for large and moderate values of δ, i.e., significant for
δ = 0.1 (top-left panel) and moderate for δ = 0.01 (top-right panel). These behaviours,
as already stated, are expected since the parameter δ determines the production vertex
of a Z ′ as well as its decay rate into the SM fermions. Hence, collider production
cross-section suppresses very fast as the kinetic mixing parameter decreases. On the
contrary, the requirement of the correct relic density is more moderately affected by
the decrease in the value of the kinetic mixing parameter. This happens because the
correct relic density is achieved mostly through the annihilation into Z ′Z ′ final states,
whose rate does not depend on δ, or in the “pole” region, where variations of the
couplings can be compensated by slight changes of |2mX −mZ′ |.
Among the different collider constraints the most effective ones are the ones which
emerge from searches of dilepton resonances, even if the invisible decay channel for a
Z ′ is taken into account. Using the invariant mass distribution of the heavy dilepton
resonance, peaked at the Z ′ mass, one can discriminate the signal from the background
nicely and for this reason the dilepton channel is considered to be a very good probe
for these kinds of models.
As evidenced from the two top-row plots of Fig. 6.5 that these searches exclude most
of the viable thermal DM region, leaving just a small portion of the parameter space
around the Z ′ pole region. On the contrary, the impact of the mono-jet constraints is
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much more moderate and exists only for the light DM masses. The collider constraints,
as already discussed, disappear very fast as the value of the kinetic mixing parameter δ
decreases. For δ = 0.01, (top-right panel of Fig. 6.5), compared to the δ = 0.1 scenario,
a much smaller portion of the parameter space remains excluded from the dileptons
and mono-jet constraints. All the collider constraints disappear for δ = 0.001 (bottom
panel of Fig. 6.5) where the only constraint on the model parameter space comes from
the requirement of the correct DM relic density.
6.4 Scenario-II: Z ′-Z interaction via a second Chern-
Simons term
In this section, just like Sec. 6.3, we consider a CS term to connect a vectorial DM
with a Z ′. However, unlike Sec. 6.3 the coupling between the Z ′ mediator and the
neutral EW gauge bosons arises via a second independent CS term. Being guided
by our previous approach, we will address the phenomenological implications of this
setup as the result of a numerical scan over the free inputs after a brief illustration
of the model followed by concise discussions on the constraints of correct relic density
and different DM searches.
6.4.1 The Lagrangian
The Lagrangian describing the low-energy phenomenology of the aforementioned setup
can be written as:
L ⊃ αCSµνρσXµZ ′νXρσ + βCSµνρσZµZ ′νBρσ +
m2Z′
2 Z
′µZ ′µ +
m2X
2 X
µXµ, (6.48)
where αCS and βCS are the XXZ ′ and ZZZ ′, ZγZ ′ coupling constants, respectively.
Bρσ denotes the field strength of the SM hypercharge gauge field. The origin of the
coupling αCS is the same as of section 6.3 which will be discussed later in appendix B.1.
The second CS coupling βCS is non-invariant under the SM gauge group transforma-
tion. Nevertheless, as pointed out in Ref. [311], it could be generated by considering
the following gauge invariant effective operator obtained after integrating out some
heavy degrees of freedom:
L ∝ i µνρσDµθZ′
(
(DνH)†H −H†DνH
)
Bρσ, (6.49)
where DµθZ′ = ∂µθZ′−vZ′qZ′gZ′Z ′µ represents the covariant derivative of Stueckelberg
axion θZ′ while DνH denotes the usual covariant derivative of the SM-Higgs doublet.
qZ′ , vZ′ are the charge and VEV of the associated complex scalar field and Z ′ν is the
gauge boson of the concerned U(1)Z′ group with gZ′ as the gauge coupling. After the
EWSB and choosing unitary gauge for the U(1)Z′ group (such that θZ′ , connected
to the phase of an associated heavy Higgs field, gets “eaten” by the longitudinal
component of Z ′µ), we recover the operator considered in Eq. (6.48).
The structure of Eq. (6.48) contains two CS couplings, namely αCS and βCS. The
former is the same as of Eq. (6.21) whose origin is explained in the appendix B.1 while
the latter appears from Eq. (6.49). Given that the relevant charges are ∼ O(1) (see
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Eq. (B.21), the parameter αCS from the associated pre-factor goes as ∼ O(10−3). On
the other hand, from Eq. (6.49) the pre-factor for βCS varies as vZ′v2h/M3 with M
as the cut-off scale of the theory, related to the mass of the associated heavy BSM
fermions. Now assuming other relevant parameters as ∼ O(1), even when vZ′ ∼ M ,
one gets βCS ∼ v2h/M2. Hence, for vh ∼ O(102 GeV) and M ∼ O(10 TeV) (this
conservative limit is consistent with the hitherto undetected evidence of BSM physics
at the 13 TeV LHC operation), βCS ∼ O(10−4) or 0.1× αCS. It is thus apparent that
in general a hierarchy between the values of two CS couplings is rather natural as
they have two different theory origins. In our analysis we, however, also consider the
possibility of αCS = βCS.
6.4.2 Relic density
In the case of double CS terms, unlike the kinetic mixing scenario, the number of
accessible DM pair annihilation channels is limited just to three options, i.e., Zγ, ZZ
and Z ′Z ′. The first two are induced by s-channel exchange of the Z ′ while the third one
is induced by t/u channel exchange of a DM state. Simple analytical approximations
of the corresponding DM pair annihilation cross-sections can be derived, as usual,
through the customary velocity expansion:
• XX → Zγ :
〈σv〉Zγ ' α
2
CSβ
2
CSc
2
W (4m2X −m2Z)3
48pim4Xm4Z′
1
x
, for mZ  mX . (6.50)
• XX → ZZ :
〈σv〉ZZ ' 8α
2
CSβ
2
CSs
2
W (m2X −m2Z)3/2
3pimXm4Z′
1
x
, for mZ  mX . (6.51)
• XX → Z ′Z ′ :
〈σv〉Z′Z′ ' α
4
CS (32m8X + 14m8Z′ − 56m6Xm2Z′ + 69m4Xm4Z′ − 50m2Xm6Z′)
9pim2Xm4Z′ (m2Z′ − 2m2X)2
√√√√1− m2Z′
m2X
.
(6.52)
The behavior of the DM pair annihilation cross-section, as function of its mass, is
reported in Fig. 6.6. Similar to the scenario discussed in Sec. 6.3, the DM pair anni-
hilation cross-sections are typically velocity suppressed except the s-wave annihilation
channel into Z ′Z ′ final states. As evidenced from Fig. 6.6 that value of the thermally
averaged DM pair annihilation cross-section can match the experimentally favoured
value only at mX ∼ mZ′2 , (i.e., pole region), and for mX > mZ′ , so that the DM pair
annihilation into Z ′ pairs is allowed. Furthermore, to avoid overproduction of the DM,
αCS values at least ∼ O(0.1) are needed.
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Figure 6.6 – Thermally averaged DM pair annihilation cross-section at the time of
thermal freeze-out, in the presence of double CS terms, as function of the DM mass
mX , for mZ′ = 500 GeV and two assignations for αCS and βCS, namely
αCS = βCS = 0.1 (red coloured curve) and αCS = βCS = 0.01 (orange coloured curve).
The black coloured dashed line represents the thermally favoured value of 〈σv〉 =
3× 10−26 cm3 s−1. Different exclusion regions are the same as of Fig. 6.2.
6.4.3 Indirect detection
Possible prospects of ID rely, as the kinetic mixing scenario, mostly on the detec-
tion of gamma-rays produced after the DM pair annihilation into Z ′ pairs which
subsequently decay into hadrons. Indeed the other two annihilation channels, i.e.,
ZZ and Zγ have p-wave (velocity dependent) annihilation cross-sections lying several
orders of magnitude below the present and the near future experimental sensitivi-
ties [218, 220, 353–364]. That said, similar to the previous case, we assumed that the
annihilations into Z ′ pairs lead to a gamma-ray yield comparable to the W+W− final
state. Therefore, one can use CTA sensitivity to DM annihilations into the W+W−
channel to constrain the model as can be seen in Fig. 6.6. It is clear that only CTA is
expected to mildly probe this setup for DM masses above 1 TeV.
6.4.4 Direct Detection
In the case of double CS interactions, the Z ′ has no direct/tree-level couplings with
the SM-quarks (or the gluons) and hence, no operators relevant for DD is induced at
the tree-level.
6.4.5 Collider phenomenology
In the scenario with double CS interactions, the Z ′ is directly coupled only with the
Z-boson and the photon. Tree level production of the Z ′ at the LHC, nevertheless,
is possible through vector boson fusion (VBF) in association with two hadronic jets.
The production cross-section, however, is more suppressed compared to the case of
a single CS interaction with kinetic mixing (see Sec. 6.3) which has direct couplings
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with quarks at the tree level 10.
Figure 6.7 – Production cross-section of the Z ′ at the LHC through VBF as a
function of mZ′ for 13 TeV centre-of-mass energy for three different values of βCS
parameter, namely, 0.5, 0.1 and 0.01 that are represented with solid red, dashed blue
and dot-dashed orange coloured lines, respectively. The choice of 2mX > mZ′ forbids
invisible decay of the Z ′.
We have reported in Fig. 6.7 the expected Z ′ production cross-section at the LHC
for 13 TeV centre-of-mass energy as a function of the mass of Z ′ (mZ′) for three
values of parameter βCS = 0.5, 0.1 and 0.01, depicted with solid red coloured line,
dashed blue coloured line and dot-dashed orange coloured line, respectively. The cross-
section has been computed using the procedure illustrated in Ref. [368] where discovery
prospects of a Z ′, produced via Z-fusion and decaying to four leptons final states, i.e.,
Z ′ → ZZ → 4l, have been investigated. These kinds of signals could be probed at
the LHC with 14 TeV centre-of-mass energy provided that σ(pp → Z ′) ' 1 pb. It is
now apparent from Fig. 6.7 that a future Z ′ discovery would appear feasible only for
βCS ' 0.5 with mZ′ . 1 TeV. For lower values of βCS the production cross-section, goes
as β2CS, would appear very suppressed to escape detection at the LHC unless (possibly)
one considers higher luminosity. One should, however, remain careful about ∼ O(1)
value of the parameter βCS as this would indicate a scale for the associated heavy
fermion mass M (see discussions after Eq. (6.49)) well within the reach of ongoing
LHC operation where, unfortunately, no evidence of BSM physics has been confirmed
till date.
Notice that in the above discussion we have implicitly assumed that invisible decay
of the Z ′ is kinematically forbidden, i.e., 2mX > mZ′ . If this was not the case, the
production cross-section of 4l + 2j final states would be suppressed further by the
non-zero invisible branching fraction of the Z ′. On the other hand, a sizable invisible
branching fraction for Z ′ might offer meaningful detection prospects for pp → Z ′ →
XX + 2j process. Investigation of such signature would require a dedicated study
which is beyond the scope of this work.
10A richer collider phenomenology could appear in extensions of the proposed scenario in which
the Z ′ has direct coupling with the W -boson and the gluons as studied in Refs. [286,288,365–367].
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6.4.6 Results
Similar to the first model considered in this work, we perform a scan in the parameter
space over αCS, βCS, mZ′ and mX and represent our findings in Fig. 6.8 showing the
phenomenologically viable model points. One should note that, contrary to the kinetic
mixing scenario, the absence of tree-level Z ′ couplings with the SM fermions appears
useful to efface a set of constraints coming from the precision Z-physics and collider
observations. The scan is performed in the following ranges:
αCS ∈
[
10−3, 1
]
, βCS ∈
[
10−3, 1
]
, mX ∈ [90 GeV, 2 TeV] , mZ′ ∈ [90 GeV, 2 TeV] .
(6.53)
Figure 6.8 – Results of a parameter scan for the setup with two CS terms showing
points compatible with the DM phenomenology. The left plot is in mX , mZ′
bi-dimensional plane with a colour coding for the product of two CS couplings
αCSβCS while the right plot is in αCS, βCS plane for mZ′ = 200 GeV with a colour
coding for various mX values.
As expected, the left panel of Fig. 6.8, representing the viable model points in the
bi-dimensional plane (mX ,mZ′), shows, similar to the kinetic mixing scenario, a sen-
sitive preference for configurations with mX > mZ′ , for which the correct relic density
can be more easily achieved through the velocity unsuppressed annihilation rate into
Z ′ pairs. This is further evidenced by the right panel of Fig. 6.8, investigating the
bi-dimensional plane (αCS, βCS) for a fixed mZ′ . Indeed, most of the points approxi-
mately trace isocontours with a shape independent of βCS, unless this coupling is much
bigger than αCS. This behavior would be exactly expected in the case when the DM
relic density is mostly accounted by the annihilation into the Z ′Z ′ final state since
the corresponding rate depends only on αCS (see Eq. (6.52)). One must note that the
demand of βCS  αCS is theoretically challenging since normally one would expect
βCS < αCS as already discussed in the context of Eq. (6.49).
It is curious to note the apparent conflicts among the DM detection prospects
in DD, ID and collider experiments with Z ′ searches at the collider and theoretical
consistency of the studied framework. For example, from Fig. 6.7 it is evident that a Z ′
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discovery at the LHC with 13 TeV centre-of-mass energy would require βCS ∼ O(1) and
mZ′ . 1 TeV. Such high value of βCS, as already mentioned, is hard to accommodate
phenomenologically. Pushing βCS towards its natural regime, i.e., ∼ O(10−4), on the
other hand, would predict a αCS ∼ O[10 − 104] to retain some of the viable points,
notably for log10(αCSβCS) & −3, as shown in the left plot of Fig. 6.8 to respect the
DD, ID and relic density constraints. Now keeping in mind the radiative origin of
αCS, as explained in the appendix B.1, such high values of αCS would require either
a pathologically behaved strongly coupled theory or unnatural high values for the
associated charges. Lower and rather natural αCS values, e.g., ∼ 10−3, can ameliorate
such theoretical shortcomings and one can still get viable points consistent with the
DM observables in the region of log10(αCSβCS) . −5. The associated low βCS values,
however, failed to produce detectable Z ′ signals at the LHC as already shown in
Fig. 6.7. Similar contradictions also appear for the right plot of Fig. 6.8 which, keeping
in mind the collider detection prospect of a Z ′, predicts 0.01 . αCS . 0.3 for mZ′ = 200
GeV. This range of the parameter αCS once again either requires moderate values of
the involved charges or asks for a strongly coupled model frameworks. In a nutshell,
keeping in mind the detection possibilities of the BSM physics, either in DM or in
collider searches, together with an elegant theoretical construction, the scenario with
two CS interactions is less appealing compared to a scenario with one CS interaction
and a kinetic mixing. Such simple conclusion, however, is not obvious when a scenario
with two CS interactions involves non-Abelian gauge groups.
6.5 Generation of a Chern-Simons coupling from a
UV complete model
In this section we propose a UV complete model that can address the origin of CS and
kinetic mixing terms. The generation of a generalized CS interaction term between
the gauge boson of a BSM U(1) group and the SM gauge bosons has already been
proposed in Refs. [285–287]. The effective CS coupling is originated from the triangle
loops involving BSM heavy fermions, charged under both the SM U(1)Y and a BSM
U(1) symmetry groups, after integrating out the heavy degrees of freedom. In this work
we consider a similar construction where a CS interaction term is generated between
the gauge bosons of two new BSM symmetry groups labeled as U(1)X (associated to
the DM) and U(1)V (associated with V˜µ), respectively 11.
Concerning the origin of kinetic mixing, in the most general scenario, i.e., when the
new BSM fermions are charged 12 under the BSM gauge groups U(1)X , U(1)V as well
as with respect to U(1)Y of the SM, one can radiatively generate three possible kinetic
mixing terms like XµνV˜µν , XµνBµν and V˜ µνBµν with 13 appropriate field strengths
11For the convenience of reading note that in scenario-I, V˜µ denotes the gauge field of U(1)V which,
after diagonalization of the flavour basis Lagrangian, is written as Z ′µ while in scenario-II the kinetic
and mass terms are already diagonalized and hence, V˜µ = Z ′µ.
12One could expect the BSM fermions to have an impact on the DM decoupling process from the
SM thermal bath, however, since the freeze out occurs only when the DM particles are non-relativistic,
the BSM fermions would have already decoupled and their density would be exponentially suppressed
due to Boltzmann factor.
13Such terms, being Lorentz invariant, renormalizable and invariant under the SM gauge groups,
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of the involved Abelian groups. The coefficients for these terms emerge as a result of
integrating out the aforesaid heavy BSM fermionic degrees of freedom and also include
associated gauge charges. One should remain careful at this stage as a kinetic mixing
like XµνBµν triggers a mixing between the DM Xµ and Zµ which would subsequently
allow the DM to decay into the SM fermions and thereby, spoiling its stability. A
similar situation can also appear for XµνV˜µν , given that V˜µ is somehow, e.g., via a
second kinetic mixing V˜ µνBµν , decaying into the SM particles. It is thus important to
assign gauge charges for the BSM fermions in an elegant way such that the stability
of the DM remains preserved.
We denote new BSM fermions as χ (ψ), chiral with respect to U(1)X (U(1)V )
while vector like compared to U(1)V (U(1)X) as well as to the SM [286]. This way
no new chiral anomalies are introduced in the SM while one can find suitable charge
assignments for these BSM fermions to efface new anomalies. Regarding the mass
generation of these new fermions the most plausible option is represented via Yukawa
interactions with two BSM complex scalar fields φX,V . The relevant Lagrangian is
written as:
Lfermions = −yFφV ψ¯1Lψ1R − yFφ∗V ψ¯2Lψ2R − yFφX χ¯1Lχ1R − yFφ∗X χ¯2Lχ2R + h.c.,
(6.54)
where yF represents generic Yukawa couplings 14. The complex scalar fields φX , φV
can be written using the following parametrization as:
φX = (vX + hX)eiθX/vX and φV = (vV + hV )eiθV /vV , (6.55)
with vX , vV and hX , hV denoting the corresponding VEVs and the Higgs fields. Here
θX , θV are Stueckelberg axions [369, 370]. Investigating the kinetic terms for these
scalars with suitable BSM covariant derivatives, one gets, for example, for φX :
|DµφX |2= |∂µφX − iqXgXφXXµ|2⊃ (∂µθX − qXgXvXXµ)2, (6.56)
with gX as the gauge coupling of the U(1)X gauge group and qX as the charge of
φX with respect to this group. The DM mass thus, is generated via the Stueckelberg
mechanism [369,370]. The masses for the new BSM fermions, χ1, χ2, are also generated
after the spontaneous symmetry breaking (SSB) in the U(1)X sector. In fact, after
SSB one ends up with the following tree-level realizations for various masses:
mhX ∼
√
λXvX , mF ∼ yFvX , mX ∼ gXqXvX , (6.57)
where λX is the quartic coupling of the φX potential and the notation mF is used to
represent generic BSM fermion masses. A similar construction holds for U(1)V with
λV , gV , qV , mhV and mV as the appropriate replacements. We further consider the
following hierarchy among the various couplings: λX , λV  yF  gX , gV . Such choice
implies mhX ,mhV  mF  mX , mV for λX , gX ∼ λV , gV with vX ∼ vV . Hence, at
an energy scale E ∼ mF  mhX , mhV , the new scalars hX , hV are nearly decoupled
can directly appear in Lagrangian. We, however, do not consider such possibility and confine our
discussion on scenarios where such interactions are radiatively generated.
14We, without the loss of generality, consider identical Yukawa couplings for all the BSM fermions
for simplicity since the final results are independent of them.
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ψ1L ψ1R ψ2L ψ2R χ1L χ1R χ2L χ2R
U(1)X e1 e1 e2 e2 e4 e3 e3 e4
U(1)V q1 −q1 −q1 q1 q2 q2 −q2 −q2
Table 6.1 – Charge assignments of the left- and right- chiral components of the
BSM fermions which belong to gauge group U(1)X × U(1)V .
from the theory given that vX , vV are reasonably high. In this limit one can use the
following approximations φX ' vXeiθX/vX ' vX + iθX and φV ' vV eiθV /vV ' vV + iθV
which help to recast Eq. (6.54) as:
Lfermions ⊃ −iyF θV ψ¯1γ5ψ1 + iyF θV ψ¯2γ5ψ2 − iyF θX χ¯1γ5χ1 + iyF θX χ¯2γ5χ2. (6.58)
The structure of Yukawa couplings of the new fermions, as well as the requirement
of anomaly cancellations, restrict the possible charge assignments under the BSM U(1)
groups. A set of assignations complying with these two requirements is reported in
Table 6.1. As evident from Table 6.1 that this kind of charge assignations allows
natural cancellations of the U(1)3V,X anomalies, independently for the ψ and χ sectors,
irrespective of the values of qi, ei charges15.
The cancellation of the mixed anomalies, e.g., U(1)V U(1)2X , is instead achieved in
a non-trivial way. This, indeed, requires the following relation between the charges:
q2 =
q1(e21 − e22)
(e23 − e24)
. (6.59)
Further, the charge assignments of Table 6.1 predicts a vanishing kinetic mixing
between X and V as
i=1, 2∑
ξ=ψi, χi
cXξLc
V
ξL
+ cXξRc
V
ξR
= 0, (6.60)
with cX(V )ξL(R) representing appropriate charges shown in the Table 6.1. This, as discussed
already, is crucial since a mixing between X and V , in the presence of a kinetic mixing
between V, Z, can trigger a subsequent mixing between X and Z, such that X can
decay into the SM fermions and thereby, the stability of the DM gets spoiled.
We show in detail later in appendix B.1 that when Eq. (6.59) is satisfied, it appears
feasible to construct an anomaly free theory where the following effective operator
emerges after integrating out heavy fermionic degrees of freedom from the triangular
loops:
µνρσDµθXDνθVXρσ, (6.61)
15One could see from Table 6.1 that the sum of all left- and right-chiral charges for ψ and χ
vanishes for U(1)V while for U(1)X it is 2
4∑
i=1
ei. If we also set this sum to be zero, as expected from
the requirement of gauge-gravity anomaly cancellation for an Abelian group, we can recast Eq. (6.59)
as q2 = q1(e2−e1)e3−e4 .
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where θX , θV are Stueckelberg axions of the U(1)X , U(1)V groups and DµθX = ∂µθX−
gXqXvXXµ, and DνθV = ∂νθV − gV qV vV V˜ν with Xµ, V˜ν as gauge bosons of the con-
cerned U(1)X , U(1)V groups, respectively. Eq. (6.61) is invariant under the following
gauge transformations:
Xµ → Xµ + ∂µαX , V˜µ → V˜µ + ∂µαV , θX → θX + gXqXvXαX , θV → θV + gV qV vV αV ,
(6.62)
with αX and αV as the transformation parameters. The same equation, after consid-
ering unitary gauge, leads to the following operator as introduced earlier in Eq. (6.21):
L = αCSµνρσXµV˜νXρσ, (6.63)
with
αCS ≡ q1 (e
2
2 − e21)
8pi2 . (6.64)
One can define an effective charge Q˜3 ≡ q1(e22 − e21) to get a simple relation:
αCS =
Q˜3
8pi2 . (6.65)
Clearly αCS ∼ O [10−2, 1] (see Eq. (6.47)) or ∼ O [10−3, 1] (see Eq. (6.53)) cor-
responds to a ∼ O(1) value of the effective charge Q˜ for one generation of the BSM
fermions.
Note that the CS coupling αCS has no explicit dependence on the BSM fermion
mass, i.e., it seems to remain finite as mF , the relevant heavy fermion mass, −→∞ and
thereby, resembles a non-decoupling effect. This is a consequence of the assumption
λX , λV  yF  gX , gV , as considered earlier, which makes αCS independent of mF
as long as mF  mX , mZ′ such that the adopted effective approach remains justified
for an energy scale E below the mass of the “lightest” BSM fermion of the theory.
The parameter βCS (see Eq. (6.49)), on the contrary, vanishes as the associated BSM
fermion masses −→∞, as expected according to the decoupling effect.
One should further note that as the effective charge Q˜ includes the gauge couplings
in its definition, Q˜ ∼ O(1) implies either gX ∼ gV ∼ O(1) or a large multiplicity of the
BSM fermions having gauge charges ∼ O(1). However, as mentioned previously, the
aforementioned theoretical construction relies on the assumption of λX , λV  gX , gV
which, for gX , gV ∼ O(1), hints towards a strongly coupled theory. In this regime one
would encounter several theoretical issues like the vacuum instability, etc. which might
spoil viability of the effective approach. However, from the view point of a radiative
origin, αCS ∼ O(1) is unnatural.
The kinetic mixing parameter δ (see Eq. (6.21)), as already stated in the beginning
of this section, can get generated at the loop level from two sets of the BSM fermions
(preferably vector-like to avoid new anomalies in a trivial way) charged under the SM
U(1)Y and BSM U(1)V groups and having masses m and M , respectively. The param-
eter δ is then estimated as δ ' (qY gY qV gV /16pi2)×log(m/M) [307] with qY , qV , gY , gV
as the relevant combination of gauge charges and gauge couplings of the associated
gauge groups. Assuming these gauge charges and couplings, as well as log(m/M), to
be ∼ O(1), one would expect natural range of δ as ∼ O(10−3 − 10−2). This range,
as evident from Eq. (6.64) and Eq. (B.21), is almost the same as of αCS, considering
∼ O(1) values of the involved gauge charges. Both these natural ranges of CS coupling
αCS and kinetic mixing parameter δ are connected with their radiative origins.
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6.6 Conclusion
In this chapter, we discussed the theoretical framework related to CS couplings and
we scrutinized experimental viability and theoretical consistency of the WIMP DM
models comprised of an Abelian vectorial DM Xµ and an Abelian Z ′ portal, coupled
through a CS interaction. Regarding the DM phenomenologies we investigated the de-
tection prospects in the light of accommodating the correct relic density and sensitivity
reaches of the various existing as well as anticipated upcoming DD and ID experiments.
Concerning collider probes we examined the observational aspects of these models from
the view point of dijet, dilepton resonances and mono-X searches using the 13 TeV
LHC data. Further, we also studied the viable ranges of the associated parameters
focusing on the possible theoretical and/or “well-measured” experimental constraints,
mainly for the kinetic mixing scenario, arising from the EWPT, ρ-parameter, Z-mass,
total and invisible Z-decay widths, etc. Finally, we also explored possible origins of a
kinetic mixing term and a CS interaction term, arising via a set of heavy BSM fermions
running in the triangle loops, from the standpoint of an UV complete theory. A radia-
tive origin for CS coupling αCS, from the perspective of an UV complete construction,
predicts a natural range for αCS as . O(10−3) whereas discovery/exclusion prospects,
with the existing and near future experimental setups, favour αCS ∼ O(1). Such αCS
values, along with a δ of similar order, can accommodate the correct relic density
rather easily and can be probed/excluded from DD, ID and collider (via mono-X)
searches. An O(1) value of αCS, just like the kinetic mixing parameter δ, is hard to
explain with a radiative origin unless more families of the BSM fermions are included.
Any such non-minimal constructions, i.e., large number of BSM fermions to increase δ
and/or αCS value(s) or a multi-component DM to account for the correct relic density
with “natural” δ values would reduce the model predictivity.
Experimental attainments of the second case study with two CS couplings are
more contrived due to the absence of a tree-level mixing between the Z ′ and the
SM fermions, unlike the first case study with one CS coupling and a kinetic mixing.
Missing tree-level couplings between Z ′ and the SM fermions conceal this framework
from constraints like the EWPT, ρ-parameter, precision Z physics, etc. which offer
notable effects on the model parameter space for scenario-I. In this framework, DD
prospects are missing at the tree-level and ID sensitivities remain orders of magnitude
below the ongoing and upcoming experimental reaches. Further, by construction, in
general one expects αCS > βCS which indicates natural range of βCS in the ballpark
of 10−4. Thus, this scenario remains practically hidden from the collider searches,
even considering the high-luminosity LHC or a 100 TeV proton-proton collider. The
trick of pushing βCS values upwards by adding more BSM fermions is rather intricate
compared to the kinetic mixing scenario.
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7.1 Introduction
Recently, the phenomenological motivation for considering non-universal Z ′ mod-
els has increased due to mounting evidence for semi-leptonic B decays whose rates
and differential distributions are inconsistent with those predicted by the Standard
Model [371–373]. In this chapter we investigate the phenomenology of such a Z ′ play-
ing the role of mediator between the Standard Model and a Dark Matter candidate.
Over the past years, the LHCb Collaboration has reported a number of deviations from
µ-e universality in B → K(∗)`+`− decays. Since Flavour-Changing Neutral Current
(FCNC) processes are forbidden in the Standard Model at tree level, such decays have
to occur through loop induced processes, causing the precise value of these decay rates
to be extremely sensitive to contributions from beyond-the-standard-model physics
featuring tree-level FCNC interactions. The ratios of µ+µ− to e+e− final states, RK
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and RK∗ , defined as
RK(∗) ≡
∫ q2max
q2min
dΓ(B → K(∗)µ+µ−)
dq2 dq
2
∫ q2max
q2min
dΓ(B → K(∗)e+e−)
dq2 dq
2
, (7.1)
have the advantage that some hadronic uncertainties cancel out rendering the theo-
retical computations of these ratios sufficiently reliable to probe deviations from the
Standard Model predictions. In order to reduce contamination from J/Ψ resonance
∼ 9 GeV2, these ratios have been measured in the energy bins q2 ∈ [1, 6] GeV2 for
RK [374] and q2 ∈ [0.045, 6] GeV2 for RK∗ [375] to be about 70% of their expected
values:
R
[0.045,1.1]
K∗ = 0.66+0.113−0.074 , R
[1.1,6]
K∗ = 0.685+0.122−0.083 , R
[1,6]
K = 0.745+0.097−0.082 , (7.2)
each displaying a ∼ 2.5σ deviation from the SM prediction. Combining that with the
input from other b→ s`+`− processes, the SM is disfavored by 4 to 5 standard devia-
tions [376,377]. The RK and RK∗ anomalies could be the first evidence of New Physics
(NP). The relevant Hamiltonian describing a NP contribution to RK(∗) , providing an
effective approach holds, can be parametrized in a model-independent way as [377]:
Heff = −4GF√2 VtbV
∗
ts
∑
i,`
(
CNPi` (µ)Oi(µ) + C ′NPi` (µ)O′i(µ)
)
+ h.c. , (7.3)
where O(′)i (µ) are a set of effective operators defined at a scale µ, including relevant
lepton-universality violation four-fermion contact interactions:
O`(′)9 = (s¯γµPL(R)b)(¯`γµ`), O(′)10` = (s¯γµPL(R)b)(¯`γµγ5`) . (7.4)
The corresponding Wilson coefficients are denoted C(′)NPi` . A number of recent phe-
nomenological analyses, see e.g. [376–384], conclude that these data can be well fit
when the low-energy Lagrangian below the weak scale contains a new physics opera-
tor of the CNP9µ = −CNP10µ form:
∆Leff ⊃ Gbsµ(b¯LγµsL)(µ¯LγµµL) + h.c., Gbsµ ∼ 1(30 TeV)2 . (7.5)
In a flavourful Z ′ model, the new physics operator in Eq. (7.5) will arise from
tree-level Z ′ exchange: Gbsµ = −gbsgµµ/M2Z′ , where gbs is the flavour-violating Z ′
coupling to left-handed b- and s-quarks and gµµ is the couplings to left-handed muons,
as represented on the right pannel of Fig. 7.1. There is already a vast literature
discussing the Z ′ explanation of the B-anomalies and phenomenological constraints
on the parameter space of such models, see e.g. [385–415]. In realistic models of
this kind, the coupling gbs is strongly constrained by precision measurements of the
Bs meson mass difference. Taking that into account, one can derive the constraint
MZ′ . 1.2gµµ TeV, implying that MZ′ must be close to the weak scale in weakly
coupled models. The corollary is that the Z ′ is in the correct mass range to act as
mediator between the SM and thermally produced Dark Matter [416–422]. In this
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Figure 7.1 – Left: One of the diagrams responsible for the B−meson decay in the
Standard Model. Right: Diagram responsible for the RK(∗) discrepancy in a new
physics model involving a Z ′ with flavour changing neutral current at tree-level.
chapter we further pursue this direction, and discuss a Z ′ model that can account
for the B-anomalies and, simultaneously, explain the observed relic abundance via a
weakly interacting massive particle (WIMP) communicating with the SM through the
same Z ′.
We follow Ref. [423], which introduces a fourth vector-like family with non-universal
gauged U(1)′ charges. The idea is that the Z ′ couples universally to the three chiral
families, which then mix with the non-universal fourth family to induce effective non-
universal couplings in the physical light mixed quarks and leptons. Such a mechanism
has wide applicability, for example it was recently discussed in the context of F-theory
models with non-universal gauginos [424]. Two explicit examples were discussed in
[423]. Firstly an SO(10)→ SU(5)×U(1)X model, where we identified U(1)′ ≡ U(1)X ,
which however was subsequently shown to be not consistent with both explaining RK∗
and respecting the Bs mass difference [425]. Ref. [423] also discussed a fermiophobic
model where the gauged U(1)′ charges are not carried by the three chiral families,
only by fourth vector-like family. In the absence of mixing, the Z ′ is fermiophobic,
having no couplings to the three chiral families, but does couple to a fourth vector-like
family. Due to mixing effects, we shall suppose that the Z ′ gets induced couplings
to second family left-handed lepton doublets (containing the left-handed muon and
its neutrino) and third family left-handed quark doublets (containing the left-handed
top and bottom quarks). Including only such couplings is enough to address the B-
anomalies, in analogy to related scenarios where new vector-like fermions mix with
the SM ones [390, 393, 396, 398, 401, 408, 410, 415]. In addition, this set-up provides a
natural WIMP Dark Matter candidate: the neutrino residing in the fourth family. We
are interested in the parameter space of this model where both B-anomalies and the
relic abundance of Dark Matter are simultaneously explained. We show that this can
be achieved without conflicting a myriad of direct and indirect Dark Matter constraints
as well as experimental constraints such as Bs mixing, LHC searches, neutrino trident,
and so on. The requirement to satisfy all these constraints in a natural way points to
a specific corner of the parameter space, with 300 GeV . mZ′ . 1 TeV, Dark Matter
heavier than a TeV, and a narrow range of possible Z ′ couplings.
In Sec. 8.3 we define the gauged U(1)′ model with a vector-like fourth family. The
Z ′ couplings relevant for the subsequent analysis are summarized in Eq. (7.33) . In
Sec. 7.3 we discuss the constraints these parameters need to satisfy in order to address
the B-anomalies without conflicting other experimental results. In Sec. 7.4 we turn to
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the Dark Matter sector, and identify the masses and couplings of the vector-like fourth
family singlet Dirac neutrino which lead to a correct relic density, while evading all
indirect and direct searches so far. The main results are contained in Sec. 7.5, where
we put together the requirements imposed by the B-anomalies and by the relic density,
and identify the viable parameter space where both are satisfied.
7.2 The model
We consider a model in which, in addition to the SM with the usual three chiral
families of left-handed quarks and leptons, including the right-handed neutrinos, we
add a dark U(1)′ gauge symmetry and a fourth vector-like family of fermions. The
idea is to have the SM quarks and leptons neutral under the U(1)′ while the vector-like
family has the SM quantum numbers and is charged under the U(1)′, leading to a Dark
Matter candidate and flavour-changing Z ′ operators after the vector-like fermion mass
term mix with the SM fermions.
Table 7.1 shows all the particle content and their corresponding representations
and charges. The non-universal U(1)′ charges forbid mixing between the fourth family
and the chiral families via the usual Higgs Yukawa couplings. Therefore, we need to
add new singlet scalars, with appropriate U(1)′ charges, to generate mass mixing of
quarks and leptons with the vector-like family. The U(1)′ is broken by the VEVs of
the new Higgs singlets φψ to yield a massive Z ′.
The Higgs Yukawa couplings of the first three chiral families can be written in a
4× 4 matrix notation
LYukawa = yuQ¯LH˜uR + ydQ¯LHdR + yeL¯LHeR + yνL¯LH˜νR + h.c. , (7.6)
where H˜ = iσ2H∗ and yu, yd, ye, yν are 4×4 matrices with the fourth row and columns
consisting of all zeros, since the fourth family does not couple to the Higgs doublets.
The U(1)′ charges allow Yukawa couplings between the singlet fields φ, the fourth
family ψ˜4 and the first three chiral families ψi. Furthermore, there is an explicit mass
term between the opposite chirality fourth family fields ψ4 and ψ˜4,
Lmass = xQi φQQ¯LiQ˜R4 + xui φu ¯˜uL4uRi + xdiφd ¯˜dL4dRi + xLi φLL¯LiL˜R4 + xeiφe ¯˜eL4eRi
+MQ4 Q¯L4Q˜R4 +Mu4 ¯˜uL4uR4 +Md4
¯˜dL4dR4 +ML4 L¯L4L˜R4 +M e4 ¯˜eL4eR4
+Mν4 ¯˜νL4νR4 + h.c. ,
(7.7)
where i = 1, ..., 3.
The fourth-family vector-like singlet neutrinos νR4, ν˜L4 are special since we don’t
have a singlet field φν that couples them to the other families, which is why such terms
are absent in the above equation. This implies that νR4, ν˜L4 are absolutely stable, with
their stability guaranteed by an unbroken global U(1)νR4 and, since they do not carry
any Standard Model quantum numbers, they may play the role of Dark Matter. Note
that we also impose lepton number conservation U(1)L for all four families of leptons
which forbids Majorana mass terms. Hence all neutrinos (including those in the fourth
vector-like family) will have purely Dirac masses.1
1Alternatively it is possible to introduce various seesaw mechanisms into this kind of model,
leading to Majorana masses, as recently discussed [425]. However in this work we only consider Dirac
neutrinos.
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Field
Representation/charge
SU(3)c SU(2)L U(1)Y U(1)′
QLi 3 2 1/6 0
uRi 3 1 2/3 0
dRi 3 1 −1/3 0
LLi 1 2 −1/2 0
eRi 1 1 −1 0
νRi 1 1 0 0
H 1 2 1/2 0
QL4, Q˜R4 3 2 1/6 qQ4
uR4, u˜L4 3 1 2/3 qu4
dR4, d˜L4 3 1 −1/3 qd4
LL4, L˜R4 1 2 −1/2 qL4
eR4, e˜L4 1 1 −1 qe4
νR4, ν˜L4 1 1 0 qν4
φQ,u,d,L,e 1 1 0 −qQ4,u4,d4,L4,e4
Table 7.1 – The model consists of the usual three chiral families of quarks and
leptons ψi (i = 1, 2, 3), including the right-handed neutrino, a Higgs doublet H, plus
a fourth vector-like family of fermions ψ4, ψ˜4 and new Higgs singlets φψ which mix
fourth family fermions with the three chiral families. Note that we exclude φν so that
νR4, ν˜L4 do not mix and are stable.
After the singlet scalar fields φ obtain a non-zero vacuum expectation value (VEV),
we may rewrite the Lagrangian in terms of new mass parameters MQi = x
Q
i 〈φQ〉,
similarly for the other mass parameters, such that
Lmass = MQα Q¯LαQ˜R4 +Muα ¯˜uL4uRα +Mdα ¯˜dL4dRα +MLα L¯LαL˜R4 +M eα ¯˜eL4eRα
+Mν4 ¯˜νL4νR4 + h.c. ,
(7.8)
where α = 1, ..., 4. We may diagonalize the mass matrix before electroweak symmetry
breaking, when only the fourth family is massive
Lmass = M˜Q4 Q¯′L4Q˜R4 + M˜u4 ¯˜uL4u′R4 + M˜d4 ¯˜dL4d′R4 + M˜L4 L¯′L4L˜R4 + M˜ e4 ¯˜eL4e′R4
+Mν4 ¯˜νL4νR4 + h.c. .
(7.9)
The prime states for the heavy mass basis where only the fourth family has explicit
vector-like Dirac mass terms and it’s related to the original charge basis by unitary
mixing matrices,
Q′L = VQLQL, u′R = VuRuR, d′R = VdRdR, L′L = VLLLL, e′R = VeReR, (7.10)
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while for the neutrino states ν˜L4 and νR4 the original and the mass basis coincides. In
this basis, the Yukawa couplings in Eq. (7.6) become
LYukawa = y′uQ¯′LH˜u′R + y′dQ¯′LHd′R + y′eL¯′LHe′R + y′νL¯′LH˜νR + h.c. , (7.11)
where
y′u = VQLyuV †uR , y
′d = VQLydV
†
dR
, y′e = VLLyeV †eR y
′ν = VLLyν . (7.12)
This shows that there is a coupling between the heavy fourth family and the Higgs
due to their mixing with the first three chiral families. However, this coupling will
be small since the original yu, yd, ye, yν contain zeroes in the fourth row and column
and they are mixing suppressed. Therefore, we can integrate out the fourth family
and look at the low energy effective theory by simply removing the fourth rows and
columns of the primed Yukawa matrices in Eq. (7.11). The three massless families,
below the heavy mass scale, are described by
LYukawalight = y′uij Q¯′LiH˜u′Rj + y′dijQ¯′LiHd′Rj + y′eijL¯′LiHe′Rj + y′νij L¯′LiH˜νRj + h.c. , (7.13)
where
y′uij = (VQLyuV †uR)ij, y
′d
ij = (VQLydV
†
dR
)ij, y′eij = (VLLyeV †eR)ij, y
′ν
ij = (VLLyν)ij ,
(7.14)
and i, j = 1, ..., 3. The Yukawa matrices for the quarks and charged leptons can be
now diagonalized
V ′uLy
′uV ′†uR = diag(yu, yc, yt), V ′dLy′dV
′†
dR = diag(yd, ys, yb), V ′eLy′eV
′†
eR = diag(ye, yµ, yτ ).
(7.15)
The unitary CKM matrix is then given by
VCKM = V ′uLV
′†
dL. (7.16)
In the case of neutrinos, since we are forbidding Majorana masses, the light physical
neutrinos have Dirac mass eigenvalues given by,
vV ′ννLV
′†
νR = diag(m1,m2,m3). (7.17)
The lepton mixing matrix or PMNS matrix can be constructed from the transforma-
tions in Eqs. (7.15) and (7.17)
VPMNS = V ′eLV
′†
νL. (7.18)
To look at the Lagrangian involving the SM gauge couplings, we emphasize that all
the four families have the same charges under the SM. The unitary transformations in
Eq. (7.10) cancel as in the usual GIM mechanism and the gauge couplings in the heavy
mass basis remains the same as in the SM. After integrating out the fourth family and
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electroweak symmetry is broken, and the light Yukawa matrices are diagonalised, the
couplings to the W± gauge bosons are
LintW ⊃
g2√
2
(
u¯L c¯L t¯L
)
VCKMW
+
µ γ
µ

dL
sL
bL
+ g2√2
(
e¯L µ¯L τ¯L
)
VPMNSW
+
µ γ
µ

ν1L
ν2L
ν3L
 ,
(7.19)
where g2 is the usual SU(2)L gauge coupling. For the couplings to the Z gauge boson,
the same happens, the charges are the same for the fourth families and the trans-
formations in Eq. (7.10) cancel, such that in the heavy mass basis, after electroweak
symmetry breaking, we are left with
LintZ =
e
2sW cW
ψ¯′αZµγ
µ(CψV − CψAγ5)ψ′α (7.20)
where
ψ′α = u′α, d′α, e′α, ν ′α α = 1, ..., 4 (7.21)
and
CψA = t3, C
ψ
V = t3 − 2s2WQ. (7.22)
The electric charge of the fermions is denoted by Q and t3 are the eigenvalues of
σ3/2. The couplings to the Z boson are flavour diagonal, even after diagonalization of
the light fermion mass matrices, due to the unitary transformations cancelling. The
interactions will be the same as in Eq. (7.20), replacing the fields ψ′α by their three
family mass eigenstates.
In the case of the couplings to the Z ′ gauge bosons, we have non-universal couplings
that lead to flavour changing. In the original basis, after the U(1)′ symmetry is broken,
we have diagonal gauge couplings between the massive Z ′ gauge boson and the four
families
LgaugeZ′ = g′Z ′µ(Q¯LDQγµQL+u¯RDuγµuR+d¯RDdγµdR+L¯LDLγµLL+e¯RDeγµeR) (7.23)
where,
DQ = diag(0, 0, 0, qQ4), Du = diag(0, 0, 0, qu4), Dd = diag(0, 0, 0, qd4)
DL = diag(0, 0, 0, qL4), De = diag(0, 0, 0, qe4), Dν = diag(0, 0, 0, qd4).
(7.24)
In addition there are the fourth family couplings involving the opposite chirality states
ψ˜4. Using the transformations in Eq. (7.10), we get the Z ′ couplings in the diagonal
heavy mass basis
LgaugeZ′ = g′Z ′µ(Q¯′LD′QγµQ′L + u¯′RD′uγµu′R + d¯′RD′dγµd′R + L¯′LD′LγµL′L + e¯′RD′eγµe′R)
(7.25)
where D′Q = VQLDQV
†
QL
, and similarly with Q → L, etc. Ignoring phases, these
matrices can be parametrized as
D′Q = qQ4

s214 c14s14s24 c14c24s14s34 c14c24c34s14
c14s14s24 c
2
14s
2
24 c
2
14c24s24s34 c
2
14c24c34s24
c14c24s14s34 c
2
14c24s24s34 c
2
14c
2
24s
2
34 c
2
14c
2
24c34s34
c14c24c34s14 c
2
14c24c34s24 c
2
14c
2
24c34s34 c
2
14c
2
24c
2
34
 (7.26)
130 Chapter 7. Flavourful Z ′ portal for Dark Matter and RK(∗)
where sij and cij refer to sin θij and cos θij (we have also suppressed the superscript
in the angles sQ14 → s14 for simplicity). Since the U(1)′ charges differ for the fourth
family, the unitary transformations do not cancel and the matrices D′Q, etc., are not
generally diagonal. Therefore, Z ′ exchange can couple to light families of different
flavour.
We are interested in the s¯bZ ′ and µ¯µZ ′ couplings, needed for the RK anomaly.
Assuming that only the mixing angles θQL34 and θLL24 are different from zero2 the mixing
mass matrices become
D′Q = qQ4

0 0 0 0
0 0 0 0
0 0 (sQ34)2 cQ34sQ34
0 0 cQ34sQ34 (cQ34)2
 , D
′
L = qL4

0 0 0 0
0 (sL24)2 0 cL24sL24
0 0 0 0
0 cL24sL24 0 (cL24)2
 (7.27)
while the rest of them being zero. In the low energy effective theory, after integrating
out the fourth heavy family, the Z ′ couplings to the the three massless families of
quarks and leptons are
LgaugeZ′ = g′Z ′µ
(
qQ4(s
Q
34)2Q¯′L3γ
µQ′L3 + qL4(s
L
24)2L¯′L2γµL′L2
)
, (7.28)
where Q′L3 = (t′L, b′L) and L′L2 = (ν ′µL, µ′L). Using now the diagonalization of the
Yukawa matrices in Eq. (7.15), we can expand the primed fields in terms of the mass
eigenstates,
b′L = (V
′†
dL)31dL + (V
′†
dL)32sL + (V
′†
dL)33bL
t′L = (V
′†
uL)31uL + (V
′†
uL)32cL + (V
′†
uL)33tL
ν ′µL = (V
′†
νL)21ν1L + (V
′†
νL)22ν2L + (V
′†
νL)23ν3L (7.29)
µ′L = (V
′†
eL)21eL + (V
′†
eL)22µL + (V
′†
eL)23τL.
For simplicity, we assume that the charged lepton mass matrix is diagonal so that we
may drop the primes on the muon field so that µ′L = µL. Under this assumption, in the
lepton sector, the Z ′ only couples to muon mass eigenstates µL and muon neutrinos
νµL, where the latter are related to neutrino mass eigenstates by the PMNS matrix,
ν ′µL = (VPMNS)21ν1L + (VPMNS)22ν2L + (VPMNS)23ν3L (7.30)
Given the hierarchies of the CKM matrix, we will assume similar hierarchies of the
rotation matrix elements:
|(V ′(d,u)L)31|2  |(V ′(d,u)L)32|2  |(V ′(d,u)L)33|2 ≈ 1 (7.31)
The vector-like neutrino ν4 is not charged under the SM and it is considered as a
Dark Matter candidate. The portal that allows it to annihilate into ordinary matter is
2A more natural possibility would be to assume that the new vector-like fermions have a large
mixing only with the 3rd generation of the SM doublet, that is with taus instead of muons. Then
the coupling to muons could arise due to a mixing between the SM charged leptons, as in [423].
However, explaining the B-meson anomalies in such a set-up runs in conflict with the strong bounds
from non-observation of τ → 3µ.
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the Z ′ mediator. The explicit coupling between the Z ′ and the Dark Matter candidate
ν4 is
Lν4Z′ = g′qν4Z ′µν4γµν4, (7.32)
where the Dirac Dark Matter field is given by ν4 = ν˜4L+ν4R with a Dirac mass mνν4ν4
where we have defined mν ≡Mν4 .
We finish this section by summarizing all non-SM interactions that will later be
relevant for the phenomenological analysis, introducing the notation that we shall
subsequently use:
L ⊃ Z ′µ
(
gbbq¯Lγ
µqL + gbsb¯LγµsL + gµµ ¯`Lγµ`L + gννν4γµν4
)
, (7.33)
where qL = (tL, bL)T , `L = (νµL, µL)T , gbb = g′qQ4(sQ34)2, gbs = gbb(V ′†dL)32, gµµ =
g′qL4(sL24)2, gνν = g′qν4 . We expect |(V ′†dL)32|. |Vts|, where |Vts|≈ 0.04 is the 3-2 entry
of the CKM matrix, as otherwise unnatural cancellations would be required. It follows
that |gbs|. |Vtsgbb|; in the following for simplicity we assume gbs = Vtsgbb, and that gbb
and gµµ have the same sign. Thus, the relevant parameter space is 5-dimensional: 3
couplings (gbb, gµµ, gνν) and 2 masses (MZ′ and the Dark Matter mass mν). From the
theory point of view these are all essentially free parameters, although one naturally
expects gνν  gbb, gµµ in the absence of large mixings or large hierarchies of U(1)′
charges. These parameters are then constrained by flavour physics, multiple low-
energy precision measurements, colliders, and Dark Matter detection experiments. In
the following sections we work out these constraints, and identify the regions of the
parameter space where both the B-anomalies and the Dark Matter relic abundance
can be explained without conflicting any existing experimental data. We note that
Z ′ models simultaneously addressing the B-anomalies and Dark Matter have been
previously discussed in Refs. [416–422]. In particular, Ref. [419] performed a detailed
analysis of collider, precision, Dark Matter constraints in a similar model based on
gauged Lµ − Lτ symmetry. The main practical difference between the considered
setup and that model is the presence of Z ′ couplings to b-quarks in Eq. (7.33), which
affects the LHC phenomenology as well as direct and indirect detection signals.
7.3 RK(∗) anomalies and flavour constraints
In this section we review and update the constraints on the parameter space of Z ′
models motivated by the current B-meson anomalies. One possible explanation of the
RK and RK∗ measurements in LHCb is that the low-energy Lagrangian below the
weak scale contains an additional contribution to the effective 4-fermion operator with
left-handed muon, b-quark, and s-quark fields:
∆Leff ⊃ Gbsµ(b¯LγµsL)(µ¯LγµµL) + h.c., Gbsµ ≈ 1(31.5 TeV)2 . (7.34)
Above, the numerical value of the effective coefficient corresponds to the best fit
quoted in Ref. [377]. In the considered model, this operator arises from tree-level
Z ′ exchange and it dominates over the analogous operator with µL replaced by eL ac-
cording to Eq. (7.31). We can express the coefficient Gbsµ as function of the couplings
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in Eq. (7.33),
Gbsµ = −gbsgµµ
M2Z′
= −Vtsgbbgµµ
M2Z′
. (7.35)
Together, Eqs. (7.34) and (7.35) imply the constraint on the parameters gbb, gµµ and
MZ′ :
gbbgµµ
M2Z′
≈ 1(6.4 TeV)2 . (7.36)
There are additional constraints on these parameters coming from flavour physics and
low-energy precision measurements. In the following we determine the region of the
parameter space where the RK(∗) anomalies can be explained without conflicting other
experimental data.
Bs − B¯s mixing: The Z ′ coupling to bs leads to an additional tree-level contribution
to Bs−B¯s mixing. Low-energy observables are affected by the effective operator arising
from integrating out the Z ′ at tree level:
∆Leff ⊃ −Gbs2 (s¯Lγ
µbL)2 + h.c, Gbs =
g2bs
M2Z′
= g
2
bbV
2
ts
M2Z′
. (7.37)
Such a new contribution is highly constrained by the measurements of the mass differ-
ence ∆Ms of neutral Bs mesons. In this work we follow the recent analysis of Ref. [426]
which, using updated lattice results, obtains a stronger bound on Gbs:
− 1(180 TeV)2 . Gbs .
1
(770 TeV)2 , @ 95%CL. (7.38)
The resulting constraints in the (gµµ, gbb) plane are shown as the light blue region
in Fig. 7.2. The updated constraint is particularly strong for the models that gen-
erate a strictly positive Gbs [426] (as is the case in Z ′ models) due to the ∼ 1.8σ
discrepancy between the measured ∆Ms and the updated SM predictions which favors
Gbs < 0. As a consequence, Z ′ models explaining the B-meson anomalies required
MZ′ . 1 TeV, assuming weak coupling gµµ . 1. For easy reference, we also show
the Bs mixing constraints based on the previous SM determination of ∆Ms [427],
−(160 TeV)−2 . Gbs . (140 TeV)−2, see the dark blue region in Fig. 7.2 labeled “Bs
mixing 2015”.
Neutrino trident: The Z ′ coupling to left-handed muons leads to a new tree-level
contribution to the effective 4-lepton interaction
∆Leff ⊃ −Gµ2 (
¯`
Lγ
µ`L)2, Gµ =
g2µµ
M2Z′
. (7.39)
This operator is constrained by the trident production νµγ∗ → νµµ+µ− [428–430].
Using the results of the global fit in Ref. [431], the bound on the effective coefficient
is given by
− 1(390 GeV)2 . Gµ .
1
(370 GeV)2 , @ 95%CL. (7.40)
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The limits in the (gµµ, gbb) plane are shown as the orange region in Fig. 7.2. Since
the trident constraints probe much lower scales than the Bs mixing, a much larger Z ′
coupling to muons is allowed, gµµ & 1 for a heavy enough Z ′. Nevertheless, together
with the Bs mixing constraints, the trident leaves only a narrow sliver of the parameter
space that could address the B meson anomalies.
Figure 7.2 – The parameter space in the (gµµ, gbb) plane compatible with RK
anomalies and flavour constraints (white). The Z ′ mass varies over the plane, with a
unique Z ′ mass for each point in the plane as determined by Eq. (7.36). We show the
recent Bs mixing constraints (light blue), and the trident bounds (orange); for
reference we also display the previous weaker Bs mixing bounds (dark blue). The
green, red, purple and black lines correspond to MZ′ = 10, 100, 1000, 10000 GeV
respectively.
LHC searches: Further constraints on this model come from collider searches. For
light Z ′ masses, the LHC measurements of the Z decays to four muons, with the second
muon pair produced in the SM via a virtual photon [432, 433], pp → Z → 4µ, sets
relevant constraints in the low mass region of Z ′ models, 5 . MZ′ . 70 GeV. The
Z → 4µ constraints on the magnitude of the Z ′ coupling to muons were analyzed in
Refs. [387,419,430]. Projecting these results onto this model, the excluded parameter
space is marked as the pink regions in Fig. 7.2 and in the upper-left panel of Fig. 7.3.
All in all, the Z → 4µ constraint is non-trivial but for any Z ′ mass it always leaves
some available parameter space to explain the B-meson anomalies.
For a heavier Z ′, the strongest constraints comes from LHC dimuon resonance
searches, pp→ Z ′ → µ+µ−, see also [409]. In this model the Z ′ is dominantly produced
at the LHC through its couplings to bottom quarks, bb¯→ Z ′. The cross section σ(pp→
Z ′) from bb¯ collisions is taken from Fig. 3 of Ref. [434]. The contribution of bottom-
strange collisions, which is subleading in this model, is estimated using Madgraph [349].
The Z ′ boson can subsequently decay into muons, muon neutrinos, bottom or strange
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quarks, and also into top quarks and Dark Matter when kinematically allowed. The
partial decay widths are given by
ΓZ′→µµ¯ =
1
24pig
2
µµMZ′ = ΓZ′→νµν¯µ ,
ΓZ′→bb¯ =
1
8pig
2
bbMZ′ ,
ΓZ′→bs¯ =
1
8pig
2
bbV
2
tsMZ′ ,
ΓZ′→tt¯ =
1
8pig
2
bbMZ′
(
1− m
2
t
M2Z′
)√√√√1− 4m2t
M2Z′
,
ΓZ′→ν4ν¯4 =
1
24pig
2
ννMZ′
(
1− m
2
ν
M2Z′
)√√√√1− 4m2ν
M2Z′
, (7.41)
from which we calculate Br(Z ′ → µµ) analytically. Then σ(pp → Z ′ → µµ) is es-
timated using the narrow-width approximation, and compared with the limits from
the recent dimuon resonance search by ATLAS [435], which allows us to constrain Z ′
mases between 150 GeV and 5 TeV. We verified that the analogous Tevatron analyses
give weaker constraints, also in the low mass regime. Fig. 7.3 shows the ATLAS con-
straints for specific Z ′ masses (200, 500 and 1000 GeV) with Dark Matter couplings
set to zero and arbitrary (gµµ, gbb) couplings. Fig. 7.2 shows the same limits for the Z ′
mass fixed in function of (gµµ, gbb) by the condition in Eq. (7.36). We conclude that in
the parameter space of the model relevant for explaining the B-meson anomalies the
ATLAS dimuon limits are always weaker that the new Bs mixing constraints.
Other constraints: Finally we comment on other precision observables which yield
subleading constraints on the model.
The contribution of Z ′ to the muon magnetic moment is given by
∆µg−2 =
1
12pi2m
2
µ
(
gµµ
MZ′
)2
. (7.42)
The measured discrepancy of the muon magnetic moment is ∆µg−2 = (290±90)×10−11
[436]. This sets weaker limits on the ratio gµµ/MZ′ than the trident production.
Next, Z ′ exchange generates the effective interaction between b-quarks and muons:
Leff ⊃ Gbµ(b¯LγµbL)(µ¯LγµµL), Gbµ = −gbbgµµ
M2Z′
= − 1(6.4 TeV)2 , (7.43)
where we used Eq. (7.36). The operator in Eq. (7.43) is constrained by lepton flavour
universality of upsilon meson decays [437]. Focusing on the Υ1s state, given the mea-
sured ratio [74]
R
τ/µ
1s =
Γ(Υ1s → τ+τ−)
Γ(Υ1s → µ+µ−) = 1.008± 0.023, (7.44)
and the SM prediction is Rτ/µ1s = 0.9924, one finds the constraint
− 1(150 GeV)2 < Gbµ <
1
(190 GeV)2 @ 95%CL. (7.45)
7.4. Dark Matter 135
This is automatically satisfied in this model in the parameter space where the RK
anomalies are explained.
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Figure 7.3 – Bounds on the parameter space in the (gµµ, gbb) plane for fixed Z ′
masses: 50, 200, 500 and 1000 GeV, as indicated on each panel. The red bands
explain RK at 1σ. The blue and orange areas show the Bs −Bs mixing [426] and
neutrino trident [431] 2σ exclusions, respectively. For low Z ′ masses we have
additional constraints from Z → 4µ as shown in pink. The ATLAS limits [435] from
dimuon resonance searches for 36 fb−1luminosity are given in purple for larger Z ′
masses.
7.4 Dark Matter
This model comprises a fourth neutrino (ν4) which possesses all the properties of a
viable Dark Matter candidate. Indeed, ν4 is an electrically neutral particle interacting
weakly with the SM sector through an exchange of Z ′. Furthermore, charge assign-
ments under the local symmetries forbid any mixing with other fields such as the SM
neutrinos. Therefore, conservation of fermion number in the dark sector can be ef-
fectively seen as a Z2 symmetry forbidding the Dark Matter from decaying and as a
consequence ensuring its stability. In this section we discuss in some detail the gen-
eration of the Dark Matter relic density and show the constraints from indirect and
direct Dark Matter searches. For brevity, in the following the Dark Matter candidate
is simply denoted as ν.
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7.4.1 Relic abundance
The Dark Matter candidate is a weakly interacting massive particle (WIMP) whose
relic abundance can be generated via the well studied freeze-out scenario [7, 82]. We
will fit the parameters to reproduce the present Dark Matter density measured by the
Planck collaboration: ΩDMh2 = 0.1198 ± 0.0015 [14]. In this model the Dark Mat-
ter particles can annihilate to3 µ¯µ, ν¯µνµ, b¯b, and possibly to t¯t, Z ′Z ′, if kinematically
accessible:
〈σv〉 = ∑
ψ=b,t,µ,νµ
〈σv〉ν¯ν→ψ¯ψ + 〈σv〉ν¯ν→Z′Z′ . (7.46)
One can derive an analytical approximation of 〈σv〉 by expanding it in powers of
x−1 around the typical freeze-out temperature xF ∼ 23. Away from the pole and
thresholds, each component of 〈σv〉 can be approximated by the s-wave expression:
〈σv〉ν¯ν→ψ¯ψ '

cψ
g2ννg
2
ψψ
4pi
m2ν
M4
Z′
[MZ′  mν  mψ]
cψ
g2ννg
2
ψψ
64pim2ν
[mν MZ′  mψ]
,
〈σv〉ν¯ν→Z′Z′ ' g
4
νν
32pim2ν
[mν MZ′ ] , (7.47)
where cψ is a color factor. One can see that the annihilation cross section grows as
m2ν for small Dark Matter masses, and evolves as m−2ν for large Dark Matter masses.
Therefore, for fixed couplings and MZ′ , there are typically two possible values of
mν reproducing 〈σv〉thermal, as illustrated in Fig. 7.4. For small couplings, g . 0.1,
the annihilation cross section is substantially lower than the thermal one except in
the pole region, and the two solutions approach mν ∼ MZ′/2. As demonstrated
in [336], the presence of a pole in the annihilation cross section may invalidate the
1/x expansion. In such a case one cannot use Eqs. (7.47) and instead one has to rely
on numerical evaluations using Eq. (A.30). In order to explore the complete available
parameter space, we compute the relic density and 〈σv〉 numerically using the package
micrOMEGAs [339] after implementing the model in FeynRules [341]. For higher values
of the couplings, g & 1, the correct relic density can be achieved away from the pole
region where Eqs. (7.47) are adequate.
7.4.2 Indirect detection constraints
In the WIMP framework, Dark Matter annihilations to SM states occurring inside
large astrophysical structures such as the galactic center, dwarf spheroidal (dSphs)
galaxies or galaxy clusters might be relatively frequent at the present time. This could
lead to indirect Dark Matter observation by detecting the by-products of these annihi-
lations in high-energy cosmic rays [182]. In this model 〈σv〉 is approximately velocity
independent in the non-relativistic limit, therefore the same value of order 〈σv〉thermal
required to match the relic density is also relevant for indirect detection. The two an-
nihilation channels most relevant for indirect detection are νν¯ → bb¯ and νν¯ → µ+µ−.
In the parameter space where νν¯ → bb¯ (and possibly to tt¯) dominates, the best current
limits on 〈σv〉 are derived by the Fermi-LAT collaboration from a combined analysis
3Since gbs  gbb, we can safely ignore annihilation to b¯s and s¯b.
7.4. Dark Matter 137
10 50 100 500 1000
10-29
10-26
10-23
Figure 7.4 – Dark Matter velocity averaged annihilation cross section for
MZ′ = 200(1000) GeV in red (orange) assuming gbb = gνν = gµµ = 0.1 and indirect
detection limits assuming b¯b as final state from HESS [185] in blue, Fermi [342] in
pink and predictions for the upcoming CTA [344] assuming 500h of observation
toward the Galactic Center in purple. Limits from the Planck collaboration [194] are
shown in green, assuming Dark Matter annihilation to µ¯µ. The dotted-dashed black
line represents the canonical value of the cross section 〈σv〉 = 3× 10−26cm3 s−1.
of 15 Milky Way dSphs and excludes Dark Matter masses mDM . 100 GeV [342], as-
suming the Navarro-Frenk-White profile [57]. For larger Dark Matter masses stronger
constraints on the same annihilation channel come from the HESS experiment [185],
however the typical limits are 〈σv〉 . 10−25cm3 s−1 and therefore cross sections of
order 〈σv〉thermal are not probed. In the future, sensitivity of the Cherenkov Telescope
Array (CTA) might be sufficient to probe annihilation the thermal cross section for
mDM & 100 GeV [10, 191, 344–346]. The current and future constraints in the bb¯ an-
nihilation channel are illustrated in Fig. 7.4, where we also show predictions of this
model for two particular points in the parameter space.
As can be seen in Fig. 7.2, given the newer Bs mixing constraints the allowed
parameter space has gµµ  gbb, and therefore annihilation into µ+µ− (and the corre-
sponding neutrinos) dominates. In such a case, the indirect detection limits on 〈σv〉
are substantially weaker, such that the thermal annihilation cross section is allowed for
Dark Matter masses above a few GeV [342]. For this reason, the indirect limits are not
relevant in most of the interesting parameter space of this model. However, for small
Dark Matter masses mν ∼ GeV annihilation into leptons at redshift z ∼ 1000 can be
constrained by CMB spectrum observations, as it could modify the ionization history.
For the thermal annihilation cross section, the Planck collaboration constraints on
CMB spectrum distortions exclude Dark Matter masses below mν . 10 GeV [194], as
illustrated in Fig. 7.4. We note that annihilation into leptonic final states can be rel-
evant for experiments such as AMS-02 measuring cosmic-ray positrons and electrons,
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Figure 7.5 – Direct and indirect detection constraints on the parameter space : the
orange line represents the model points featuring the correct Dark Matter relic
density and the appropriate Wilson coefficient explaining the RK discrepancy. The
gray region shows the parameter space excluded by the Xenon1T experiment [159]
and the green region represents the parameter space not excluded by direct detection
experiments but in tension with the Planck collaboration [194] results.
from which several studies have obtained strong constraints on 〈σv〉 [222, 438–440].
However these constraints are subject to strong dependence on the propagation model
and uncertainties regarding cosmic-ray propagation in the interstellar medium, and
for this reason we do not include them in the following. All in all, in this model Dark
Matter masses . 10 GeV are excluded by the Planck collaboration results. Moreover,
in the parameter space where annihilation into bb¯ dominates, Dark Matter masses be-
low 100 GeV are excluded by the Fermi-LAT results, although that parameter space
is also disfavored by the recent Bs mixing constraints.
7.4.3 Direct Searches
Sensitivity of Direct Detection (DD) experiments has improved by several orders
of magnitude during the past decade, and currently the xenon-based experiments
LUX [156], PandaX [347] and Xenon1T [159] probe Dark Matter spin-independent
(SI) scattering cross section of the order of σSI & 10−45cm2 for Dark Matter masses of
the order of 100 GeV.
In this set-up, integrating out the tree-level Z ′ exchange between Dark Matter and
the SM leads to the following effective operators at the scale µ 'MZ′ :
Leff ⊃ −
∑
f=µ,b
gννgff
M2Z′
f¯Lγ
αfLν¯γαν , (7.48)
where again one can neglect the effective coupling to bs. Below the scale MZ′ , vector-
like Dark Matter couplings to light quarks are induced via renormalization group (RG)
running:
Leff ⊃
∑
q=u,d
C
(6)
1,f (µ)q¯γαqν¯γαν . (7.49)
The complete RG equations can be found e.g. in [441]; schematically, one has C(6)1,f (µ) ∼
α
4pi
gννgff
M2
Z′
log
(
MZ′
µ
)
. Other tensor structures beyond that in Eq. (7.49) also appear but
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they give subleading effects in direct detection. Finally, at µ ' 2 GeV the couplings
in Eq. (7.49) can be mapped to momentum- and spin-independent non-relativistic
interactions of Dark Matter with protons and neutrons:
Leff,NR ⊃
∑
N=p,n
cN1 ν¯νN¯N (7.50)
where cp1 = 2C1,u+C1,dχ|µ'2GeV and cn1 = C1,u+2C1,d|µ'2GeV. We evaluate numerically
the one-loop RG evolution of effective couplings. To this end, above mZ we use the
RunDM package [441–443], while running below mZ and the coefficients cN1 are obtained
by DirectDM [444]. For example, for MZ′ = mZ one finds
cp1 ' 3.1× 10−3
(
gµµgνν
M2Z′
)
+ 2.5× 10−3
(
gbbgνν
M2Z′
)
, cn1 = 0 , (7.51)
while for MZ′ = 1 TeV:
cp1 ' 5.6×10−3
(
gµµgνν
M2Z′
)
+2.3×10−3
(
gbbgνν
M2Z′
)
, cn1 ' 4.5×10−2
(
gbbgνν
M2Z′
)
. (7.52)
The coupling to neutrons vanishes within the approximation MZ′ ≤ mZ . For MZ′ >
mZ a non-zero cn1 can be generated, and is dominated by the top Yukawa contributions
to the RG running. The Dark Matter-nucleon spin-independent cross section can be
straightforwardly derived from Leff,NR:
σNDD =
(cN1 )2m2pm2ν
pi(mp +mν)2
. (7.53)
To compare with experimental bounds, which typically assume equal cross section on
protons and neutrons, for a target nucleus with Z protons and A − Z neutrons we
introduce the averaged cross section
σDD '
m2pm
2
ν
pi(mp +mν)2
(Zcp1 + (A− Z)cn1 )2
A2
. (7.54)
In the allowed parameter space relevant for the B-meson anomalies we have gbb 
gµµ. Assuming that hierarchy, and also mp  mχ, for xenon targets an approximate
expression for the averaged cross section reads
σDD ∼
(gνν
0.2
)2(gµµ
0.1
)2( mZ
MZ′
)4
10−45 cm2. (7.55)
In Fig. 7.5 we depicted the values of the gνν coupling satisfying the requirement of
having the observed Dark Matter density as well at the correct value of the couplings
gµµ and gbb explaining the RK discrepancy. The left panel of that figure illustrates
that, for low MZ′ , the Xenon1T collaboration excludes Dark Matter masses away from
the Z ′ pole but still allows for low Dark Matter masses mν . 10 GeV. However, as
discussed in the previous subsection, such low masses are excluded by the indirect
Planck constraints, therefore the complementarity of direct and indirect detection
searches indicates that the Dark Matter mass has to be close to the pole mν ∼MZ′/2.
For larger MZ′ , Dark Matter masses away from the pole region are allowed, see the
right panel of Fig. 7.5.
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7.5 Discussion and Conclusion
The main results are shown in Figs. 7.6-7.10 which show for which parameters this
model can address the B-meson anomalies while satisfying all experimental and cos-
mological constraints. As discussed below Eq. (7.33), the relevant parameter space is
effectively five-dimensional, and spanned by the Z ′ couplings to Dark Matter (gνν),
muons (gµµ), and b quarks (gbb), and by the masses of Dark Matter (mν) and the Z ′
vector messenger (MZ′). We display it in the {gµµ,gνν} plane for several representative
values of MZ′ . For each gµµ and MZ′ , gbb is fixed according to Eq. (7.36) to the best
fit value reproducing the RK(∗) measurements.
Then mν is fixed by the requirement of reproducing the correct relic abundance
of Dark Matter. There are typically two distinct solutions for mν satisfying 〈σv〉 =
〈σv〉thermal, therefore for each MZ′ in the left (right) panel we display the solutions with
mν > MZ′/2 (mν < MZ′/2). These solutions are color coded in Figs. 7.6-7.10, from
smaller (blue) to larger (red) mν . The white regions are where we find no parameters
choice to tune the annihilation cross section to the thermal value. The continuously
gray-shaded regions are excluded by direct detection, indirect detection, Bs mixing,
dimuon searches at the LHC, Z decay to four muons and/or muon trident constraints.
However, we choose not to shade the region excluded by the recent update of the
Bs mixing constraints in [426], and instead represent those by a dashed blue line
labeled “Bs mixing 2017”. The region represented on the left of this line is excluded
by these constraints. For any value of the Z ′ mass in the considered range there exists
a range of parameters reproducing the RK(∗) anomalies and the relic abundance, and
passing all experimental constraints to date. However, for lower MZ′ the allowed region
corresponds to gνν . gµµ, once the direct (Xenon1T) and indirect (Planck) detection
constraints together with updated Bs mixing constraints are taken into account. In
this model the Z ′ coupling to muons is suppressed by a mixing angle between the SM
2nd generation lepton doublet and the 4th generation vector-like lepton doublet, and
thus we expect gνν  gµµ. Conversely, gνν . gµµ is unnatural and would require a large
hierarchy between the corresponding U(1)′ charges, qν4  qL4 . On the other hand, for
300 GeV . MZ′ . 1 TeV we find some allowed parameter space where gνν is a factor
of few larger than gµµ, which is plausible. Further increasing MZ′ requires a sizable
Z ′ coupling to muons in order to address the B-meson anomalies, gµµ & 1. Then
we are forced back into the unnatural gνν ∼ gµµ region, simply due to perturbativity
constraints on gνν rather than some experimental bounds. To summarize, assuming
this model is indeed the correct explanation of the observed RK(∗) anomalies and Dark
Matter relic abundance, this analysis hints at a particular corner of the parameter space
where 300 GeV .MZ′ . 1 TeV, mν & 1 TeV, gνν & 1, gbb ∼ 0.1gµµ and 0.1 . gµµ . 1.
Incidentally, that parameter space can be probed by several distinct methods. First of
all, the allowed window can be further squeezed by better precision measurements of
the trident νµN → µ+µ−νµN process, and by improving the theoretical precision of the
SM prediction for the Bs meson mass difference. The above statement is in fact valid
for all models where the B-anomalies are addressed by a tree-level Z ′ exchange. What
is more specific to models where the Z ′ interactions with the SM fermions originates
from mixing of the latter with vector-like fermions is a non-vanishing Z ′ coupling not
only to muons but also to b-quarks. This results in a non-negligible rate of the partonic
process bb¯ → Z ′ → µ+µ− which can be probed by dimuon resonance searches at the
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Figure 7.6 – Summary of the constraints for MZ′ = 50 GeV. See text in Sec. 7.5 for
details.
Figure 7.7 – Summary of the constraints for MZ′ = 200 GeV. See text in Sec. 7.5
for details.
Figure 7.8 – Summary of the constraints for MZ′ = 500 GeV. See text in Sec. 7.5
for details.
Figure 7.9 – Summary of the constraints for MZ′ = 1 TeV. See text in Sec. 7.5 for
details.
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Figure 7.10 – Summary of the constraints for MZ′ = 2 TeV. See text in Sec. 7.5 for
details.
Figure 7.11 – Projection of future constraints on the parameter space of the model
for MZ′ = 500 GeV. The current ATLAS dimuon limits [435] are scaled with
integrated luminosity to L = 200 fb−1 (ATLAS RUN-2) and L = 3000 fb−1(ATLAS
HIGH L). Future direct detection limits (FUTURE DD) assume that the current
Xenon1T [159] constraints on the DM-nucleon scattering cross section are improved
by two orders of magnitude.
LHC. In fact, the preferredMZ′ range is where the LHC sensitivity is optimal. Targeted
searches for b-quark-collision initiated process (rather than recast of generic dimuon
searches) could lead to a discovery signal in the near future, or to better constraints
that are more stringent than the Bs mixing one. Finally, the preferred range of Dark
Matter masses and couplings can be probed by direct detection experiments, such
that the improvements of one or two orders of magnitude in sensitivity in the next
years, which is expected to be achieved by the LZ [445], DARWIN [175] and DarkSide-
20k [446] experiments. As illustrated in Fig. 7.11, these future improvements should
exclude the remaining most natural parameter space of the model.
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8.1 Introduction
The WIMP mechanism is potentially one of the most natural and simplest way to
explain the Dark Matter abundance in our universe. However, the absence of experi-
mental signals in direct [7, 155, 156, 347] and indirect [185, 447] detection has strongly
constrained the simplest WIMP models and the naturalness of the parameters in-
voked to achieve the correct relic density has become questionable. The possibility
to solve some discrepancies between astrophysical observations and simulations based
on ΛCDM1 by considering a Dark Matter candidate with a sizable self-interaction has
1known as the small scale controversies, discussed in Sec. 3.5.1.
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led researchers to focus attention in recent years on alternative thermal scenarios em-
bedding such a DM candidate. For these reasons, alternative production mechanisms
such as Strongly Interacting Massive Particles (SIMP) [224] and ELastic DEcoupling
Relic (ELDER) [448, 449], with a slightly different thermal history than WIMPs, has
been developed recently and typically sub-GeV Dark Matter candidates are consid-
ered in both frameworks. Thermal production of such light Dark Matter is possible
if, for instance, standard DM + DM → SM + SM annihilations proceed with small
couplings [450] or if new annihilation mechanisms are present, such as 3 DM→ 2 DM
annihilations [224,451,452] or forbidden 2→ 2 channels [336,453].
The thermal production of SIMPs is based on freezeout of 3→ 2 self-annihilation of
Dark Matter, with coupling between SIMPs and light Standard Model (SM) particles,
which maintain kinetic equilibrium between the two sectors until freeze-out occurs.
Various realizations of SIMP Dark Matter have been proposed in the literature, which
often contain (pseudo)scalar Dark Matter particles with dark abelian or non-abelian
gauge symmetries [224, 454–459]. Massive dark vector bosons can also be SIMP can-
didates when stemming from non-abelian dark gauge bosons [295,460–464], as can be
dark fermions or scalars when accompanied with a light dark photon or another scalar
[465,466]. Vector SIMP models are particularly predictive since the cubic and quartic
self-interactions of Dark Matter are determined by a single gauge coupling. If the non-
abelian dark gauge symmetry is spontaneously broken by the Higgs mechanism, the
resulting massive dark Higgs can equilibrate the vector SIMPs and the SM via a Higgs
portal coupling [295,460,461,463,467]. The spin information of the Dark Matter could
be then be inferred from the invisible Higgs decay, as is the case for the WIMP [262].
In this work, we consider vector SIMP Dark Matter in an SU(2)X dark gauge
theory, where the three massive (degenerate) SU(2)X gauge bosons play the role of
vector SIMPs. Equilibration between the dark and visible sectors can be achieved by
elastic scattering between the Dark Matter and the SU(2)X dark Higgs, provided that
the latter is light enough to be thermalized with the SM via the Higgs portal until
freeze-out occurs. As we will see, the dark Higgs can successfully thermalize the two
sectors only when it is close in mass to the Dark Matter, in which case additional
forbidden 2 → 2 annihilations are important as well. Alternatively, the dark U(1)Z′
photon can thermalize the dark and visible sectors via its kinetic mixing with the
SM hypercharge alongside its coupling to the DM, which proceed through generalized
Chern-Simons (CS) terms [5, 284–287, 468]. In both cases of the Higgs and vector
portals, we find parameter space consistent with all existing constraints. Our results
indicate that the framework can be probed via Higgs/Z-boson invisible decays as well
as dark Higgs/dark photon searches in current and future collider and beam dump
experiments.
This chapter is organized as follows. First, we start by presenting the SIMP and
ELDERs mechanisms which possess common features. Then, we present the model
considered in this chapter based on a SU(2)X dark gauge theory in Sec. 8.3, including
the relevant Higgs and gauge-mixing vector portals to the SM. Section 8.4 discusses
the 3 → 2 annihilation processes setting the DM abundance, the self-scattering cross
sections, and the effects of forbidden channels on the relic density. Methods for achiev-
ing kinetic equilibrium between the dark and visible sectors via Higgs mixing and/or
gauge mixing are addressed in Sec. 8.5. We conclude in Sec. 8.6.
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8.2 The SIMP and ELDER mechanisms
In the WIMP paradigm, one of the key assumption to generate the correct relic density
via the freeze-out mechanism is the primordial thermal equilibrium between the dark
sector and the Standard Model particle content. This equilibrium can be ensured
through rapid scatterings between a DM candidate χ and some SM particle: χ+SM→
χ+ SM and in the simplest WIMP cases, the DM particles annihilate while becoming
non-relativistic χ+χ→ SM+SM. However the story would be different if interactions
among the dark sector were also present in the theory, such as self-annihilations which
might affect the DM density. In the former case, the fate of the DM density evolution
would depend on the relative importance of the rates of these processes:
• Scattering rate Γscat of processes such as χ+ SM↔ χ+ SM
• Annihilation rate Γann of the process χ+ χ→ SM + SM
• Self-annihilation rate Γself among the dark sector : χ+ χ+ χ→ χ+ χ.
Assuming that Γscat is large enough to ensure a primordial thermal equilibrium between
the dark sector and the SM particles, three distinct regimes are possible:
WIMP: In the WIMP case, Γscat is large enough to ensure kinetic equilibrium until
the freeze-out time and the DM density undergo a depletion through annihilations into
SM particles: Γann  Γself . Part II of this thesis is completely devoted to the study of
specific realizations of this mechanism.
Strongly Interacting Massive Particles (SIMP) [224]: The SIMP case cor-
reponds to the regime where scattering are still efficient enough to ensure a kinetic
equilibrium between the dark sector and the SM bath until the freeze-out temperature.
However in this case the freeze-out occurs through annihilations in the dark sector,
implying Γann  Γself . In order for the kinetic equilibrium state to be achieved until
the freeze-out time, the typical kinetic energy injected by self annihilation processes
per unit of time K˙self must be smaller than the typical energy transferred per unit of
time K˙el in elastic scatterings between the dark sector and the SM bath. The freeze-
out temperature TF can be defined as the temperature for which these two processes
become comparable:
K˙self(TF) ∼ K˙el(TF) . (8.1)
Assuming that the reaction 3χ → 2χ is the dominant self-annihilation process, as
shown in Sec. A.3, the Boltzmann equation for the Dark Matter density nχ typically
takes the form:
dnχ
dt + 3Hnχ = −〈σv
2〉(n3χ − neqχ n2χ) (8.2)
where neqχ is the expected DM thermal equilibrium distribution and the quantity 〈σv2〉
is the analogous of the velocity averaged annihilation cross section for the 3 → 2
process. As detailed in Sec. A.3, the relic density can be expressed as:
Ωχh2 =
mχs0h
2
ρ0c
√
2H(mχ)
s(mχ)
x2F〈σv2〉−1/2 , (8.3)
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where xF ≡ mχ/TF and TF is the freeze-out temperature. TF can be estimated as
the temperature for which the RHS of the Boltzmann equation becomes comparable
to the Hubble expansion dependent term on the LHS. In this regime, typically the
correct relic density can be achieved for DM masses mDM ∼ 50 MeV, assuming sizable
couplings in the dark sector of O(1) for a gauge interaction for instance. Thus, in such
a construction, the self-interaction cross section is typically much larger than in the
WIMP context.
Elastic Decoupling Relic (ELDER) [448]: In this case the following hierachy
is present among the rates Γann . Γscat . Γself therefore the dark sector and the SM
bath would decouple before freeze-out, while maintaining a thermal equilibrium in
their own seperate baths. The thermal decoupling typically occurs while the Dark
Matter become non-relativistic and by entropy conservation in both sectors:
T 1/2χ e
−mχ/Tχ ∝ T 3 , (8.4)
where Tχ and T are the temperatures of the dark sector and the SM respectively. The
previous relation implies the following approximate behavior of Tχ:
Tχ ' Td
1 + 3 Td
mχ
log
(Td
T
) , (8.5)
where Td is the decoupling temperature. As discussed in Sec. A.3 the DM temperature
evolution, assuming the dark sector in thermal equilibrium, is given by
∂Tχ
∂T
=
3T 2χ
mχT
+
4T 2χ
3m2χ
γ(T )
HT
(
Tχ − T
)
. (8.6)
The first term on the RHS of this equation drives the DM temperature to evolve
grossly as Tχ ∝∼ 1/(− log T ) while the second term tends to moderate the temperature
difference between the two sectors with an efficiency proportional to the momentum
relaxation rate γ(T ) defined in Sec. A.3. The decoupling temperature can be estimated
as the temperature for which the second term becomes of the order of one:
4T 2d
3m2χ
γ(Td)
H
∼ 1 . (8.7)
When the temperature drops below Td, the dark sector and SM bath decouple. Ther-
mal equilibrium is maintained in the dark sector because of a large Γself rate, imposing
the DM chemical potential to vanish. Dark Matter particles then undergo a canibal-
ization period where the process 3χ→ 2χ, kinematically favoured, is highly dominant
over the reverse process. Therefore the freeze-out will occur when the 3 → 2 process
is not frequent enough to ensure a chemical equilibrium in the dark sector. Thus, we
can define the freeze-out temperature TF via the condition:
Γself(TF) ∼ H(TF) (8.8)
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The relic density can be expressed as a function of the freeze-out and decoupling
temperatures as [449]:
Ωχ =
45
25/2pi3/2
(
mχs0
ρ0c
)(
gχ
g?s(xd)
)
x
5/2
d e
−xd
xF
(8.9)
where xd,F ≡ mχ/Td,F, gχ is the number of degrees of freedom of the DM states and
g?s(xd) is the effective number of relastivistic degrees of freedom of the SM bath at
the decoupling temperature. In order to effectively realize the ELDER mechanism,
one typically needs to consider larger couplings than in the SIMP case, pushing them
towards the perturbativity limit as represented in Fig. 8.1.
Figure 8.1 – Illustration of the correct relic density curve in the 3 regimes discussed
in this section showing the influence of the dark sector coupling (”DM-DM
coupling”) and the coupling between the SM bath and the dark sector (”DM-SM
coupling”). Taken and adapted from [449].
8.3 The model
Here we present the framework for vector SIMPs: We start with the dark gauge theory,
and then describe the Higgs interactions as well as kinetic gauge mixing and couplings
between the dark photon and the Dark Matter.
8.3.1 The dark sector
We consider as a model for non-abelian SIMP Dark Matter an SU(2)X gauge theory
in the dark sector, broken completely due to the VEVs of a dark Higgs doublet Φ.
The massive gauge bosons of SU(2)X , denoted by X iµ (i = 1, 2, 3), are degenerate and
stable due to a dark custodial isospin symmetry, and are a Dark Matter candidate [295,
460, 463]. The accidental custodial symmetry persists in the presence of the Higgs
portal and Z ′ portal with the generalized Chern-Simons term which we discuss later,
maintaining the stability of the Dark Matter.
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The Lagrangian for the dark sector is given by
L = −14
~Xµν · ~Xµν + Lscalar , (8.10)
where the field strength tensors are ~Xµν = ∂µ ~Xν − ∂ν ~Xµ + gX( ~Xµ × ~Xν). The scalar
potential is given by
Lscalar = |DµΦ|2+m2Φ|Φ|2−λΦ|Φ|4 , (8.11)
with the covariant derivatives for the dark Higgs doublet is DµΦ = (∂µ− 12igX~τ · ~Xµ)Φ.
After expanding the dark Higgs fields around the VEV as Φ = 1√2(0, vX + φ)
T in
unitary gauge, one obtains gauge boson mass of mX = 12gXvX . The self-interactions
of the vector Dark Matter and its interactions with the dark Higgs φ are given by
L ⊃ −12gX(∂µ
~Xν − ∂ν ~Xµ) · ( ~Xµ × ~Xν)− 14g
2
X( ~Xµ · ~Xµ)2
+14g
2
X( ~Xν · ~Xµ)( ~Xµ · ~Xν) +
1
2m
2
X
~Xµ · ~Xµ
(
2φ
vX
+ φ
2
v2X
)
. (8.12)
The non-abelian interactions among the vector bosons X allow for 3 → 2 annihi-
lations as SIMPs. This idea is actually much more general than we discussed above.
This symmetry breaking can also be considered as dynamical, as a result of chiral
symmetry breaking SU(2)L × SU(2)R → SU(2)V in an SU(Nc) gauge theory. This
corresponds to the limit where mφ → ∞ at low energies, while resonances can play
an important role at higher energies. In this case, the coupling gX is still considered
perturbative.
Alternatively, we can consider the theory with a Higgs doublet in the strongly
coupled regime gX  1. As pointed out by ’t Hooft [469], an SU(2) gauge theory
with a doublet scalar does not have an order parameter to distinguish the broken and
confining phases, and hence the two phases are continuously connected, akin to liquid
and gas phases of water at high pressures. In the strong coupling case, the vector
SIMP is described by the interpolating field Φ†i
↔
D µΦ, while the dark Higgs by Φ†Φ.
Given enough parameters in the model (gX ,m2Φ, λΦ), one can most likely have the dark
Higgs heavier than the vector SIMP as required (see below); such a discussion requires
numerical simulations and is beyond the scope of this work.
8.3.2 Higgs portal
The dark Higgs provides a portal between the dark sector and the visible sector, since
the dark and SM scalars may interact at the renormalizable level,
Lhiggs = λΦH |Φ|2|H|2+λSH |S|2|H|2+λΦS|Φ|2|S|2 . (8.13)
Here, a complex scalar field S is introduced for giving mass to Z ′ gauge boson by Higgs
mechanism in the later discussion on Z ′ portal in Sec. 8.3.3. Since Z ′ is assumed to
be heavier than Dark Matter in our model, we assumed that the radial mode of S has
no significant mixing with the dark Higgs φ and the SM Higgs.
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The SM and dark Higgs bosons are then mixed by h1
h2
 =
 cos θ − sin θ
sin θ cos θ
 φ
h
 , (8.14)
where h1, h2 are mass eigenstates of mass
m2h1,h2 = λΦv
2
X + λHv2 ∓
√
(λΦv2X − λHv2)2 + λ2ΦHv2Xv2 , (8.15)
and the mixing angle is given by
tan 2θ = λΦHvXv
λHv2 − λφv2X
. (8.16)
Here, we assume that the additional Higgs field s for U(1)Z′ is heavy enough so that
its mixing effects with the above Higgs fields is negligible. The Higgs mixing yields
interactions between the vector DM and the SM particles,
L ⊃ m
2
X
vX
~Xµ · ~Xµ(cos θ h1 + sin θ h2) + m
2
X
2v2X
~Xµ · ~Xµ(cos θ h1 + sin θ h2)2
−mf
v
f¯f(− sin θ h1 + cos θ h2) , (8.17)
enabling communication between the two sectors.
In the presence of such Higgs-portal couplings, the SM Higgs can decay invisibly
into a pair of dark gauge bosons or dark higgses, with decay rates
Γ(h2 → XX) = 3 sin
2 θm3h2
32piv2X
(
1− 4m
2
X
m2h2
+ 12m
4
X
m4h2
)√√√√1− 4m2X
m2h2
,
Γ(h2 → h1h1) = λ
2
ΦHv
2
32pimh2
√√√√1− 4m2h1
m2h2
. (8.18)
The visible decays of the SM Higgs are scaled down universally by cos2 θ due to the
Higgs mixing. As we will see in Sec. 8.5.2, the bound on invisible Higgs decays places
a strong constraint on the allowed mixing, and hence on the possibility that the Higgs
portal maintains kinetic equilibrium between the two sectors.
8.3.3 Vector portal
In addition to the Higgs portal, we can gauge a U(1)Z′ symmetry acting on the complex
scalar S, with the covariant derivative DµS = (∂µ − igZ′Z ′µ)S. The U(1)Z′ massive
gauge boson Z ′ can connect the dark and visible sectors, in the presence of gauge
kinetic mixing with the SM hypercharge as well as DM-Z ′ interactions:
Lvector = −12 sin ξ Z
′
µνB
µν + LXXZ′ . (8.19)
Here LXXZ′ generates a 3-pt interaction between XXZ ′; it may be generated by a
non-abelian Chern-Simons (CS) term, as will be discussed below.
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The kinetic and mass terms for the Z and Z ′ gauge bosons [455] is diagonalized
Bµ
W 3µ
Z ′µ
 =

cW −sW cζ + tξsζ −sW sζ − tξcζ
sW cW cζ cW sζ
0 −sζ/cξ cζ/cξ


Aµ
Z1µ
Z2µ
 (8.20)
where (Bµ,W 3µ , Z ′µ) are hypercharge, neutral-weak and dark gauge fields, (Aµ, Z1µ, Z2µ)
are mass eigenstates, and sW ≡ sin θW , cW ≡ cos θW , etc. Here, Z1 is Z-boson-like and
Z2 is Z ′-boson-like, with masses
m21,2 =
1
2
[
m2Z(1 + s2W t2ξ) +m2Z′/c2ξ ±
√
(m2Z(1 + s2W t2ξ) +m2Z′/c2ξ)2 − 4m2Zm2Z′/c2ξ
]
,
(8.21)
where the mixing angle is
tan 2ζ = m
2
ZsW sin 2ξ
m2Z′ −m2Z(c2ξ − s2W s2ξ)
. (8.22)
The electromagnetic and neutral-current interactions are then
LEM/NC = eAµJµEM + Z1µ
[
eεJµEM +
e
2sW cW
(cζ − tW ε/tζ)JµZ − gZ′
sζ
cξ
JµZ′
]
+Z2µ
[
− eεJµEM +
e
2sW cW
(sζ + tW ε)JµZ + gZ′
cζ
cξ
JµZ′
]
, (8.23)
where ε ≡ cW tξcζ ' cW ξ for |ξ| 1, and JµEM, JµZ and JµZ′ are electromagnetic, neutral
and dark currents, respectively. For mZ′  mZ , one has ζ ' −sW ξ = −tW ε, so the
neutral current interaction of the dark photon is negligible due to sζ+tW ε ' ζ+sW ξ '
0.
There are no direct couplings between the SM and the non-abelian vector Dark
Matter at the renormalizable level, because of the non-abelian gauge symmetry. Like-
wise, there are no direct renormalizable interactions between the Z ′ and the X-boson,
since the dark Higgs are not charged under both symmetries (in other words, the dark
Weinberg angle vanishes).
If heavy fermions charged under both SU(2)X and U(1)Z′ are present in the theory,
they may generate low-energy effective XXZ ′ interactions via triangle diagrams. From
the effective theory point of view these may manifest as generalized non-abelian Chern-
Simons terms [287,468],
LCS,EFT ⊃ c1µνρσZ ′µ ~Xν · (∂ρ ~Xσ − ∂σ ~Xρ) . (8.24)
Although the coefficient c1 is dimensionless, these are non-renormalizable operators
and arise from gauge dimension-8 operators, known as D’Hoker-Farhi terms [470],
LCS ⊃ i
M4
S†DµS(DνΦ)†X˜µνΦ + c.c. (8.25)
Likewise, an effective 3-pt interaction can be generated by the gauge invariant dimension-
8 operator of the form
LD8 = 1
M4
µνρσ(Φ†XµνDλΦ)∂λZ ′ρσ . (8.26)
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In this work we will consider the phenomenology of the effective operator Eq. (8.24).
Sec. B.2 contains a concrete example of generating the effective Chern-Simons term.
We remark on the invisible decays of Z and Z ′ bosons in our setup. The Z boson
can decay invisibly into a pair of vector Dark Matter particles through the generalized
CS terms in the presence of a gauge kinetic mixing between Z ′ and Z bosons. But,
if Nf heavy fermions f running in triangle diagrams are relatively light for a sizable
CS term (but heavy enough not to affect our discussion on vector SIMPs in the later
sections) as discussed in Sec. B.2, the Z-boson preferentially decays directly into a
pair of heavy fermions at tree level. Then, the corresponding Z-boson invisible decay
width is given by
Γ(Z1 → ff¯) = NfαZ′ε
2mZ
3c2W
(
1 +
2m2f
m2Z′
)(
1− 4m
2
f
m2Z
)1/2
(8.27)
with αZ′ ≡ g2Z′/(4pi). On the other hand, if the heavy fermions are heavier than mZ′/2,
the Z ′ boson decays into a pair of vector Dark Matter particles via the CS term, with
the width
Γ(Z2 → XX) = c
2
1m
3
Z′
8pim2X
(
1− 4m
2
X
m2Z′
)5/2
. (8.28)
8.4 Vector SIMP Dark Matter
Having established the interactions of the framework, we now address the cross section
for the Dark Matter relic abundance and self-scatterings. We first determine the relic
density of Dark Matter from 3 → 2 processes in Sec. 8.4.1, and discuss the role of
additional forbidden annihilation channels in Sec. 8.4.2.
8.4.1 SIMP channels
Here we compute the relic density assuming the 3 → 2 annihilation processes are
the dominant number-changing processes. In the presence of an isospin symmetry
for the vector Dark Matter, all components of Dark Matter have the same mass, and
can be treated as identical particles. Assuming the Dark Matter remains in kinetic
equilibrium with the SM until the time of freeze-out, the Boltzmann equation for the
vector Dark Matter is given by [224]
dnDM
dt + 3HnDM =−
(
〈σv2〉3→2 − 〈σv2〉h3→2
)(
n3DM − n2DMneqDM
)
− 〈σv2〉h3→2
(
n3DM − nDM(neqDM)2
)
. (8.29)
Here, the thermally averaged 3→ 2 annihilation cross-section (away from a resonance)
is given by
〈σv2〉3→2 = 25
√
5g6X
23887872pim5X
1
(m2h1 − 4m2X)2(m2h1 +m2X)2
(
14681m8h1 − 87520m6h1m2X
+21004m4h1m
4
X + 327580m2h1m
6
X + 290775m8X
)
+ 〈σv2〉h3→2
(8.30)
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with
〈σv2〉h3→2 =
√
5g6Xm16h1
80621568pim10X
(1−m2h1/(16m2X))1/2
(m2h1 − 4m2X)7/2(m2h1 + 2m2X)2
(
C1 +
2C2m4h1
(m2h1 − 7m2X)2
)
(8.31)
where C1 and C2 are dimensionless quantities given in Eqs. (A.64) and (A.66), respec-
tively. We note that the first term in 〈σv2〉3→2 stems from XXX → XX channels and
〈σv2〉h3→2 due to XXX → Xh1 channels contributes only for mh1 < 2mX , becoming
dominant near the resonance at mh1 = 2mX . where C1 and C2 are dimensionless quan-
tities given in Eqs. (A.64) and (A.66), respectively. We note that the first two lines
stem from XXX → XX channels and the last line due to XXX → Xh1 channels con-
tributes only for mh1 < 2mX , becoming dominant near the resonance at mh1 = 2mX .
On the other hand, XXX → h1h1 channels are p-wave suppressed so they are not in-
cluded here. Additional terms that give an approximate resonance when mh1 = 3mX
are present, but as they are p-wave suppressed they are always subdominant and
hence can be neglected. Further details of the 3 → 2 cross section and discussion of
the Boltzmann equation can be found in Appendix A.3.4.
In the instantaneous freeze-out approximation, the relic abundance for 3 → 2
annihilation is found to be
ΩDM ' mXs0/ρc
s(mX)2/H(mX)
x2f√
〈σv2〉3→2
, (8.32)
where s0/ρc ' 6 · 108/GeV is the ratio of the entropy density today to the critical
density, s(mX) is the entropy density at T = mX , and H(mX) is the Hubble rate at
T = mX . Here xf = mX/Tf indicates the freezeout temperature, which is typically
xf ∈ [15, 20] for 3 → 2 freezeout. For mh1 & 3mX , the Higgs contributions to the
cross-section effectively decouples, and we have
ΩDM ' 0.33
(
xf
20
)2 (10.75
g∗
)3/4 (
mX/αX
100 MeV
)3/2
. (8.33)
In Fig. 8.2 we depict the parameter space in which the measured Dark Matter relic
density is obtained within 3σ (red region) for αX ≡ g2X/(4pi) (mh1) and mX in the
upper (lower) panel. For illustration, the top panel shows the results for dark Higgs
mass of mh1 = 4mX where no resonance enhancement is present, while in the bottom
panel we fix αX = 1, 2 and vary mX and mh1 .
In addition to 3 → 2 annihilations, the vector SIMP Dark Matter undergoes self-
scattering processes, which are constrained by the bullet cluster [126, 471, 472] and
by elliptical halo shapes [125, 473]. Away from a resonance, the self interacting cross-
section is
σself =
g4X
1152pim4h1m2X(m2h1 − 4m2X)2
(
520m8h1 − 4208m6h1m2X + 8801m4h1m4X
−1200m2h1m6X + 320m8X
)
. (8.34)
A simple approximation can be derived in the limit mh1  mX :
σself
mX
' 65piα
2
X
9m3X
' 5α2X
( mX
100 MeV
)−3
cm2/g [mh1  mX ] (8.35)
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Figure 8.2 – The parameter space of vector SIMP Dark Matter in the mX vs.
αX ≡ g2X/(4pi) (top) or mh1 (bottom), when considering 3→ 2 annihilation channels
only. The Planck 3σ measurement of the relic density is show in red in all panels.
Contours of the self-scattering cross section of σself/mX = 0.1, 1, 10 cm2/g are shown
in the dotted, dashed and dot-dashed curves, respectively. We have chosen
mh1 = 4mX on top and αX = 1, 2 on bottom. The shaded gray regions in the lower
panels are where other 2→ 2 channels dominate over 3→ 2 processes.
Contours of the self-scattering cross section obeying σself/mX = 0.1, 1, 10 cm2/g are
shown in Fig. 8.2 in dotted, dashed and dot-dashed lines, respectively.
We learn that away from a resonance region, vector SIMP 3 → 2 Dark Matter
consistent with self-scattering constraints points to Dark Matter masses of mX &
O(100 MeV) and strong couplings of αX & 1. Indeed, strong coupling is a frequent
common feature in SIMP Dark Matter models [224, 295, 454–456, 458, 460, 463, 465],
though exceptions can arise (e.g. on resonance [457, 459]). Close to the resonance
region, the relic density is sensitive to the dark Higgs mass, and the viable parameter
space is broadened further to include larger DM masses at fixed dark gauge coupling,
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or smaller dark gauge couplings for fixed DM masses.
We comment that the strong gauge coupling leads to a question on the potential
breakdown of perturbativity in relic density calculation. In our case, however, the
SU(2)X gauge symmetry is completely broken by the VEV of the dark Higgs, and
there are no light particles below the confinement or symmetry breaking scale (i.e.,
vector SIMP mass). Therefore, given that there is no phase transition separating the
Higgs phase and confining phase, namely, the complementarity between the Higgs and
confining phases [469,474–478], the Higgsed theory can be pushed into regions where
perturbativity is questionable. Closer inspection of the issue of complementarity may
be worthwhile, though is beyond the scope of this work.
As the dark Higgs mass approaches the DM mass, when mX < mh1 . 1.5mX ,
forbidden 2→ 2 annihilation channels contribute significantly to the relic density and
must be included as well; we study this in the next subsection. (The regions in which
2 → 2 processes dominate the relic density are shown in shaded gray in Fig. 8.2.)
As we will see, the self-scattering rate is reduced in this case, allowing smaller Dark
Matter masses consistent with observational constraints.
8.4.2 Forbidden channels
When the dark Higgs is slightly heavier than the Dark Matter, forbidden 2→ 2 chan-
nels such as XiXi → h1h1 and XiXj → Xkh1—although kinematically inaccessible
at zero temperature—can be important in determining the relic density at the time
of freeze-out [336, 453]. For mX . mh1 . 2(1.5)mX , new 3 → 2 channels such as
XXX → Xh1(h1h1) open up as well so they have been already included in Fig. 8.2.
Here we discuss the effects of the forbidden channels on the relic abundance and iden-
tify the parameter space of vector SIMP Dark Matter that is consistent with the
observed relic density when including these effects. (This will be particularly relevant
when kinetic equilibrium between the SIMP and SM sectors is obtained via the Higgs
portal, as will become evident in Sec. 8.5.2.)
Assuming that the forbidden channels are dominant, the approximate Boltzmann
equation is given by
dnDM
dt + 3HnDM ≈ −
2
3〈σv〉ii→h1h1n
2
DM + 6〈σv〉h1h1→ii(neqh1)2
−13〈σv〉ij→kh1n
2
DM + 〈σv〉kh1→ijneqh1nDM , (8.36)
where we have assumed that h1 maintains chemical and thermal equilibrium with
the SM bath throughout freezeout. Detailed balance conditions at high temperature
determine the annihilation cross sections for the forbidden channels in terms of the
unforbidden channels,
〈σv〉ii→h1h1 =
9(neqh1)
2
(neqDM)2
〈σv〉h1h1→ii = (1 + ∆h1)3e−2∆h1x 〈σv〉h1h1→ii , (8.37)
〈σv〉ij→kh1 =
3neqh1
neqDM
〈σv〉kh1→ij = (1 + ∆h1)3/2e−∆h1x 〈σv〉kh1→ij , (8.38)
with ∆h1 ≡ (mh1−mχ)/mχ. The cross section formulas for the allowed 2→ 2 channels
in the RHS above are given in Sec. A.2.2.
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Figure 8.3 – Dark Matter relic density as a function of ∆h1 = (mh1 −mX)/mX , for
forbidden channels only (left) and both forbidden and SIMP channels (right). The
measured relic density is shown by the purple curve. We show the results for various
illustrative values of coupling and mass: αX = 0.01, 0.1, 1 and mX = 0.1 MeV, 1 GeV.
Denoting the allowed 2 → 2 cross sections in the RHS above by 〈σv〉kh1→ij = a
and 〈σv〉h1h1→ii = b, the DM abundance is found to be [453]
YDM(∞) ≈ xf
λ
e∆h1xf f(∆h1 , xf ) (8.39)
with
f(∆h1 , xf ) =
[1
3a(1 + ∆h1)
3/2
(
1− (∆h1xf ) e∆h1xf
∫ ∞
∆h1xf
dt t−1e−t
)
+ 23b(1 + ∆h1)
3e−∆h1xf
(
1− 2(∆h1xf ) e2∆h1xF
∫ ∞
2∆h1xf
dt t−1e−t
)]−1
,
(8.40)
resulting in the relic density
ΩDMh2 = 5.20× 10−10 GeV−2
( g∗
10.75
)−1/2(xf
20
)
e∆h1xff(∆h1 , xf ) . (8.41)
In general, however, one must account simultaneously for both the 3 → 2 processes
and the 2→ 2 forbidden channels in determining the Dark Matter relic abundance.
In Fig. 8.3, we show the Dark Matter relic density as a function of ∆h1 = (mh1 −
mX)/mX , first when including only forbidden channels (left panel) and then when
taking both forbidden and SIMP channels into account (right panel). We have
varied αX and mX between 0.01 − 1 and 10 MeV − 1 GeV, respectively. We learn
that forbidden channels play an important role for ∆h1 . 0.5, where the observed
relic density can be achieved over a broad range of couplings αX and masses mX . As
the mass difference increases, 3 → 2 SIMP annihilations begin dominating the relic
abundance as a saturated value for mass differences ∆h1 & 0.5. We note that the
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importance of the forbidden semi-annihilation channels for ∆h1 . 0.5, in contrast to
the naive expectation from the Boltzmann suppression factors of ∆h1 . 1, is due to a
large numerical factor in the SIMP 3→ 2 annihilation cross section.
8.5 Kinetic equilibrium
In order for the SIMP mechanism to be viable, we require that the SIMP sector
efficiently dumps entropy into the SM bath. In the proposed framework, this can be
achieved either by a Higgs or Z ′ portal between the vector SIMPs and SM particles.
After a general discussion of the relevant Boltzmann equation in terms of the dark
sector temperature and the requirement of equilibration in Sec. 8.5.1, we study the
Higgs portal in Sec. 8.5.2 and the Z ′ portal in Sec. 8.5.3.
8.5.1 Equilibration conditions
Following Ref. [448], we find the decoupling temperature by comparing the rate of
change in kinetic energy injected by the 3 → 2 annihilations compared to the kinetic
energy lost due to elastic scattering. When the 3 → 2 occurs, the mass of one dark
particle is converted to the kinetic energy of the 2 outgoing particles. These particles
quickly scatter off the Dark Matter particles, and distribute the energy to the dark
bath. Thus, the 3 → 2 annihilations maintain chemical equilibrium in the DM gas,
while releasing kinetic energy per particle
K˙3→2 = mDM
n˙DM
nDM
' −m2DMHT−1 . (8.42)
Elastic scattering processes transfer this excess kinetic energy to the SM gas at a
rate
K˙el =
1
2Ep
∑
i
gi d3ki
(2pi)32Ei
d3k′i
(2pi)32k′i
d3p′
(2pi)32p′ δ
4(p+ ki − p′ − k′i)|M|2 (Ep − Ep′) . (8.43)
Here, the sum is taken over the species i in the relativistic plasma with initial(final)
momentum k(k′), p(p′) is the Dark Matter initial(final) momentum. The decoupling
occurs when the DM-to-SM energy transfer can no longer keep up with the kinetic
energy production. The quantity K˙el can be related to the momentum relaxation rate
γ(T ) defined in Sec. A.3 as K˙el ' Tγ(T ). Equating Eq. (8.42) with Eq. (A.56) leads
to the following conditions satisfied at the kinetic decoupling temperature TKD:
γ(TKD) ' H(TKD)m
2
DM
T 2KD
, (8.44)
where H = 0.33g1/2∗ T 2/MPl with g∗ = 10.75 the effective relativistic number of species
for 1 MeV . T . 100 MeV andMPl = 2×1018 GeV the Planck mass. In what follows we
use Eq. (8.44), evaluated at TKD = mDM/20, to place a lower bound on the interactions
between the vector SIMPs and the SM particles, needed to achieve the correct DM
abundance. The ELDER DM curve [448, 449], corresponds to TKD ' mDM/15, where
the relic abundance is determined by the elastic scattering rate.
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The Dark Matter can also thermalize with the SM, if the Dark Matter maintains
equilibrium with the dark Higgs, while the dark Higgs maintains equilibrium with the
SM bath via decay and inverse decays into SM fermions. The dark Higgs should be
heavier than the dark X-bosons, or else the Dark Matter will efficiently annihilate
into dark Higgs, effectively becoming a WIMP-like scenario. However, if the dark
Higgs is much heavier than the Dark Matter, then the dark Higgs abundance will
have been sufficiently depleted and it will not be able to maintain equilibrium between
the two sectors. This pushes the spectrum to a forbidden regime, mX < mh1 .
1.5mX , where the Dark Matter can annihilate into dark Higgses, but with a large
Boltzmann suppression. At the time right before freezeout, both the semi-annihilation
XX → Xh1 and self-annihilation XXX → XX processes will be active for large gauge
coupling. The dark sector will be in thermal equilibrium with vanishing chemical
potential. Thus in order for freezeout to occur one just needs to check that the dark
Higgs can deplete the density in the dark sector fast enough up until freezeout,
neqh1(TFO)Γh1→SM > H(TFO)
[
neqX (TFO) + n
eq
h1(TFO)
]
. (8.45)
We use the above condition on the dark Higgs decay rate in the case that vector SIMPs
are in kinetic equilibrium through the scattering with the dark Higgs.
8.5.2 Higgs portal
The coupling λΦH present in Eq. (8.11) leads to mixing between the SM and dark
Higgs, which enables a Higgs portal between the dark and visible sectors.
In the presence of Higgs-portal induced mixing between the SM and dark Higgs,
the SM Higgs can decay invisibly into a pair of Dark Matter particles, with decay rate
given by Eq. (8.18):
Γ(h2 → XX) = 3 sin
2 θm3h2
32piv2X
(
1− 4m
2
X
m2h2
+ 12m
4
X
m4h2
)√√√√1− 4m2X
m2h2
. (8.46)
The combined VBF, ZH and gluon fusion production of Higgs bosons at CMS leads to
BR(h2 → XX) < 0.24 at 95% CL [212], while the ATLAS bounds from the VBF [479]
and ZH [480] modes give BR(h2 → XX) < 0.29 and BR(h2 → XX) < 0.75, re-
spectively. These decays provide a strong constraint on the mixing: sin θ . 10−5 for
αX ∼ O(1).
The mixing also induces direct couplings of the darks Higgs to the SM electron and
muons, which in turn induces tree-level scattering of the SM of the leptons. However,
the smallness of the electron Yukawa coupling and the Boltzmann-suppression of the
muons at the time of freezeout combined with constraints on the Higgs invisible decay
result in the elastic scattering being inefficient for thermalization.
Alternatively, if the dark Higgs is fairly light, scattering between the vector Dark
Matter and the dark Higgs can equilibrate the dark sector, with decays and inverse
decays of the dark Higgs into SM particles completing the equilibration requirement
between the SIMP and SM sectors. The momentum relaxation rate from the elastic
scattering of Dark Matter off of dark Higgs, Xih1 → Xih1, is given by
γ(T )h1 =
gh1g
4
Xm
2
h1
12pi3mX(mX +mh1)2
(
m2h1 − 6m2X
m2h1 − 4m2X
)2
T 2 e−mh1/T (8.47)
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Figure 8.4 – Vector SIMPs through the Higgs portal, with DM-dark Higgs
scattering and dark Higgs-SM decays. Left: Parameter space of mh1 vs. sin θ for
DM-dark Higgs scattering. The shaded purple regions indicate where kinetic
equilibrium between the DM and dark Higgs fails. Right: Parameter space of mX
vs. sin θ. The purple lines are the lower bounds on sin θ from kinetic equilibrium for
fixed ratios mh1/mX . In both panels: the dashed black curves are the upper
bounds on sin θ from Higgs invisible decays.
where gh1 = 1. We note that the above result is valid for mh1(mh1 − 2mX) & p2DM ∼
m2DMv
2
DM. Plugging this into the kinetic equilibrium condition Eq. (8.44), we find that
equilibrium between the dark Higgs and the DM is effective in most of parameter space
satisfying the Dark Matter relic abundance.
Simultaneously, kinetic equilibrium between the dark Higgs and the SM is main-
tained by decays and the inverse decays of the Higgs into a pair of SM fermions,
Γ(h1 → ff¯) =
m2fmh1 sin2 θ
8piv2
(
1− 4m
2
f
m2h1
)3/2
. (8.48)
In Fig. 8.4, we illustrate this second requirement of equilibration between the dark
Higgs and the SM, as a function of sin θ and mh1 (left) or mX (right) for fixed mX
and αX (left) or fixed ratio mh1/mX (right). The upper bound on the mixing angle
from invisible Higgs decays is indicated by the dashed black curves in both panels.
Here the active thermalization process comes primarily from decays into muons when
kinematically accessible, and from electrons for smaller masses.
We learn that the Higgs portal is a viable mediator between vector SIMPs and the
SM when the dark Higgs is close in mass to the DM. In this regime, 2→ 2 forbidden
(semi)-annihilations channels of DM and the dark Higgs, XiXj → Xkh1(h1h1), can
be active and are then important contributors in determining the Dark Matter relic
density, as discussed in Sec. 8.4.2. In this case, the semi-annihilations are also active
thermalization processes within the dark sector.
We note that current limits on Higgs mixing from rare kaon- and B-meson decays
are weaker than the bound we impose from the Higgs invisible decay. However future
8.5. Kinetic equilibrium 161
Unitarity
Kinetic decoupling
B
aB
ar
Z-inv
de
ca
y
10-5 10-4 10-3 10-2 10-110
-3
10-2
10-1
100
ε
c1
mX=100 MeV, mZ'=1 GeV
Unitarity
Kinetic decoupling
B
aB
ar
Z-inv
de
ca
y
10-5 10-4 10-3 10-2 10-110
-3
10-2
10-1
100
ε
c1
mX=300 MeV, mZ'=1 GeV
Figure 8.5 – Allowed parameter space for vector SIMPs with a Z ′ portal in the ε
and c1 plane, for fixed values of DM and Z ′ masses. We show the bounds from
unitarity (brown), kinetic equilibrium (purple), the invisible width of the Z boson
(green) [493] and BaBar monophoton+MET (blue) [494]. Here, we took NfαZ′ = 1
in Eq. (8.27) for Z-boson invisible decay bounds.
beam dump or fixed target experiments, such as SHiP at CERN SPS, have the potential
to probe the Higgs mixing angle further down [481]. The allowed parameter space for
the Higgs portal to vector SIMPs could then be further probed as the invisible Higgs
decay constraint improves.
Before ending this subsection, we remark that a Higgs portal coupling could allow
in principle for the elastic scattering of relic vector SIMP Dark Matter with electrons
in direct-detection experiments [482–492]. For me,mX ,mZ′  pDM ' mXvDM, the
DM-electron direct detection scattering cross section via the Higgs portal is given by
σDD =
αX sin2 θ cos2 θm4em2X
v2(me +mX)2
(
1
m2h1
− 1
m2h2
)2
≈ 4× 10−50 cm2
(
αX
2
)( sin θ
10−4
)2 ( 1.2
mh1/mX
)4 (100 MeV
mX
)4
. (8.49)
The small electron Yukawa coupling suppresses the cross section substantially, yielding
a currently unconstrained spin-independent direct detection cross section.
8.5.3 Z ′ portal
Next, we explore the kinetically mixed Z ′ portal for mediation between the SIMP and
visible sectors. We use the CS terms of Eq. (8.24) to couple the vector DM to the Z ′,
together with kinetic mixing between the Z ′ and the SM hypercharge. The momentum
relaxation rate for vector DM scattering with electrons via the Z ′ portal is given by
γ(T )Z′ =
1240pi3c21e2ε2
567mXm4Z′
T 6 , (8.50)
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Figure 8.6 – Allowed parameter space for vector SIMPs with a Z ′ portal. Top:
Parameter space of mX vs. ε for c1 = 0.01, for mZ′ = 500 MeV (left) and 1 GeV
(right). Bottom: Parameter space of mZ′ vs. ε for c1 = 0.01, for mX = 50 MeV (left)
and 100 MeV (right). Here, we took NfαZ′ = 1 in Eq. (8.27) for the Z-boson invisible
decay bound. In all panels: the purple region indicates where the kinetic
equilibrium condition fails; the green region is excluded by the Z-boson invisible
decay [493]; and the red region is where the 2→ 2 annihilation becomes dominant.
BaBar searches for monophotons with MET [494] and with dileptons [495] exclude
the blue region. The projected Belle-II reach for monophoton+MET [496] is depicted
in dashed blue curve. Contours for DM-electron scattering cross section with
σDD = 10−48 (49)cm2 are also shown in dot-dashed lines on the left (right) panels.
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and one imposes Eq. (8.44) for kinetic equilibrium.
The resulting allowed parameter space is depicted in Fig. 8.5 as a function of
kinetic mixing ε, for fixed DM and Z ′ masses. The gray region is excluded by the
unitarity bound on the CS term, and the kinetic equilibrium condition fails in the
purple region. The LEP bound on the invisible decay width of the Z-boson, Γinv <
3 MeV [493] is shown in green, where we have assumed the dominant mode is into
dark fermions that generate the CS coupling [as would be the case in generic UV
completions with NfαZ′ = 1 in Eq. (8.27)] in both plots. The BaBar constraint from
invisible decays [494] is shown in blue (with a similar-sized constraint from the beam
dump experiment NA64 at CERN SPS [497]).
In Fig. 8.6 we further show the allowed parameter space in ε and mX (top pan-
els) or mZ′ (lower panels), for fixed values of the CS coefficient and of mZ′ or mX ,
respectively. Here, kinetic equilibrium is not maintained in the purple region; 2 → 2
processes are dominant over 3→ 2 processes in the red region; invisible Z-decay lim-
its [493] are imposed in green [where we have assumed the dominant mode is into dark
fermions with NfαZ′ = 1 in Eq. (8.27)]; and constraints from BaBar invisible [494]
and visible [495] searches are shown in blue. The projected reach of Belle-II into the
parameter space is shown in the dashed blue curve [496]. As is evident, vector SIMPs
through the Z ′ portal can be achieved in an experimentally viable parameter space.
Concerning direct-detection, we note that the Z ′ portal coupling of vector SIMPs
via the CS term gives rise to a p-wave velocity-suppressed elastic cross section off elec-
trons. As a result, the spin-independent cross section between vector SIMPs and
electrons via the Z ′ portal is highly suppressed, in contrast to the case of scalar
SIMPs [455]. For me,mX ,mZ′  pDM ' mXvDM, the DM-electron scattering cross
section with Z ′ portal is given by
σDD =
16c21ε2αemm2e
3m4Z′
(m2X + 2memX −m2e)m2X
(mX +me)4
v2DM
≈ 6× 10−51 cm2
(
c1
0.01
)2 ( ε
10−3
)2 (500 MeV
mZ′
)4 (
vDM
10−3
)2
. (8.51)
For illustration, contours of DM-electron scattering with σDD = 10−48 (49)cm2 are
depicted in the lower left (right) panel of Fig. 8.6.
We learn that a kinetically mixed Z ′ with CS couplings can successfully medi-
ate interactions between the SIMP and SM sectors, consistent with all experimental
constraints. We expect that future experiments such as Belle-II [496] and potentially
measurements at LHCb [498] can further probe the allowed parameter space for vector
SIMPs with a vector portal.
8.6 Conclusion
We have considered a spontaneously broken SU(2)X gauge theory in the hidden sector
as an economical realization of vector SIMP Dark Matter. Kinetic equilibrium between
the dark and visible sectors can be obtained via a Higgs portal in a minimal model or
through a Z ′-portal in an extended model with an additional U(1)Z′ and its non-abelian
Chern-Simons term. We have identified the parameter space for the SU(2)X gauge
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coupling and Dark Matter mass by taking into account the observed relic density as well
as the self-scattering cross section. The kinetic equilibrium condition in combination
with a variety of experimental constraints restrain the Higgs mixing or gauge kinetic
mixing to a region that could be probed in current and planned experiments at the
intensity frontiers.
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9.1 Introduction
In this previous part we discussed the impact of recent results of direct detection
experiments such as LUX [156], PANDAX-II [158] or XENON1T [159] that constrain
a large part of the WIMP parameter space, and are close to excluding the simplest
extensions of the Standard Model (SM) such as the Higgs-portal model [256–258,264,
499–501], the Z-portal [254,502] or even the Z ′-portal [5] (see [7] for a recent review on
the subject). In the WIMP paradigm, the key element for this mechanism to work, is to
introduce a sizable coupling between the dark sector and the standard model particle
content. This is obviously a strong assumption motivated by the elegant simplicity
of the WIMP miracle. However, facing the strong constraints from a plethora of
experiments, the question of the effective viability of this mechanism has arose over
the last years. Consider the alternative case where the coupling between the SM and
the dark sector is extremely small, in such a case the thermal equilibrium state cannot
be reached in the early universe. There is the possibility to still generate non-thermally
the correct Dark Matter density by producing it through decays or annihilations of
SM particles, via the so-called freeze-in mechanism [503] 1, while assuming a vanishing
DM density at the reheating temperature. In order to illustrate the main idea of this
mechanism, consider the following situations:
1See [504] for a review.
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• The Dark Matter χ is weakly coupled to a heavy mediator Z ′ that thermalized
with the SM particles in the early universe. If Z ′ is unstable, it will slowly
decay, eventually to SM particles, but also to a Dark Matter pair Z ′ → χ¯χ if
kinematically allowed. As shown in Sec. A.4, in this case the Boltzmann equation
for the DM number density reads:
dnχ
dt + 3Hnχ = 2ΓZ
′→χ¯χ
K1(z)
K2(z)
neqZ′ , (9.1)
where z ≡ mZ′/T . The numerical solution of the Boltzmann equation for the
DM yield Yχ ≡ nχ/s is shown in Fig. 9.1 on the right pannel. In this case most
of the Dark Matter would be produced when the Z ′ becomes non-relativistic
around z ∼ 1 and the corresponding relic density is given by:
Ωχh2 ' mχs0h
2
ρ0c
3
4pi
m3Z′ΓZ′
H(mZ′)s(mZ′)
. (9.2)
• Another possibility is to produce a DM pair from relativistic SM particles anni-
hilations SM + SM → χ¯χ. In this case the Boltzmann equation can be written
as2:
dnχ
dt + 3Hnχ = 〈σv〉(n
eq
SM)2 , (9.3)
where 〈σv〉 is the production cross section and neqSM is the thermal density of the
initial SM states which typically behaves as neqSM ∝ T 3 as they are assumed to
be relativistic. We can define the production rate R(T ) as:
R(T ) ≡ 〈σv〉(neqSM)2 . (9.4)
Considering the following parametrization of the cross section:
〈σv〉 = T
n
M2+n
Θ[T −mχ] , (9.5)
in this case the rate is simply given by a power law of the temperature and as
shown in Sec. A.4, the Boltzmann equation can be solved analytically in this
case:
Ωχh2 ∝
mn+2χ MP
Mn+2
x
−(n+1)
RH − 1−(n+1)
(n+ 1) . (9.6)
where MP is the reduced Planck mass and x is the usual variable x ≡ mχ/T . As-
suming the reheating to occur at high temperatures xRH  1, we can distinguish
two interesting regimes:
– The light mediator regime (n = −2): where the only relevant scale in 〈σv〉
is the temperature. The behavior of the yield in this case in shown in red
on the left pannel of Fig. 9.1 and the relic density behaves as:
Ωχh2 ∝MP . (9.7)
In this case the DM is mostly produced in the infrared regime when T ∼ mχ
and typically one would invoke very small couplings ∼ 10−10 to compensate
the Planck mass dependence.
2See Sec. A.4 for a detailed derivation.
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– The heavy mediator regime (n = 0): In this case most of the Dark Matter
is produced around the reheating temperature as the cross section is not
suppressed but enhanced by powers of the temperature, as shown on the
left pannel of Fig. 9.1. The relic density is given by:
Ωχh2 ∝ mχMP
M2
TRH , (9.8)
which shows the importance of the ultra-violet regime in this case via the
reheating temperature dependence.
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Figure 9.1 – Production of the Dark Matter yield Yχ via freeze-in through decay of
a heavy Z ′ mediator (right) and through annihilation of a pair of SM particles
(left). The value xRH = 10−4 is used for illustration purposes.
Therefore, in order to achieve the correct relic density in the simplest realization of
the freeze-in mechanism, one has to invoke either tiny couplings or very large mass
scales. It turns out there are many possible constructions where the Dark Matter is
secluded from SM particle content by intermediate mass scale messengers. Indeed, in-
termediate scales are naturally present in many well-motivated extensions of the SM,
including Grand Unified Theories, models with a see-saw mechanism, string construc-
tions, inflation and reheating or leptogenesis. In all of these frameworks, the presence
of an intermediate mass scale generates a heavy particle spectrum which can in prin-
ciple mediate interactions between a possible dark sector and the SM. Some specific
examples of these frameworks are Grand Unified SO(10) models [505] or high-scale su-
persymmetry [89, 506], where Dark Matter candidates respecting the Planck/WMAP
constraints [14, 507] are present. The effective superweak coupling generated by the
exchange of an intermediate mass or even a superheavy mediator much heavier than
the reheating temperature after inflation, TRH, allows for the production of Dark Mat-
ter directly from the thermal bath in the same way that gravitinos are produced
during reheating by Planck suppressed operators [508–510]. Often it is sufficient to
approximate the details of particle production during reheating with the instantaneous
reheating approximation. Namely, that all particle production occurs at the end of
the reheating process characterized by the reheating temperature TRH. However, de-
pending on the specific production process, the instantaneous approximation may or
168 Chapter 9. Spin-2 portal Dark Matter
may not be a good approximation. For example, considering the parameterization of
the production cross section of Eq. (9.5), this approximation has been shown to be
reasonable for n < 6 [18,511–513]. However, for n ≥ 6, the production rate is sensitive
to the maximum temperature during the reheating process [513,514] as we describe in
more detail below. Thus the detailed mechanism for Dark Matter production during
reheating will in general be sensitive to the form of the coupling of the dark sector to
the SM.
In the case of the gravitino, as noted above, from the strict observational point
of view, Dark Matter only requires gravitational coupling. That is, communication
between the two sectors (dark and SM) is mediated only through gravity, which couples
to the energy–momentum tensor of the Standard Model and Dark Matter. Because
this coupling is fixed by the equivalence principle, the only free parameter in this model
is the mass of the Dark Matter. It has been shown in [515–517] that independent of
the nature of Dark Matter, there exists a possibility to populate the relic abundance
through a freeze-in mechanism via the exchange of a massless spin-2 graviton.
In this work we generalize this to the case in which the exchanged spin-2 particle
is massive. We borrow concepts from the theory of massive gravity. The Lorentz
invariant linear theory of a massive graviton was formulated by Fierz and Pauli in
[518], where it was shown that only one specific choice for the mass term is free from
singularities. At the linear level, the massive graviton has 5 possible polarization
states, as expected for a massive spin-2 particle. It was then shown that a generic
nonlinear completion introduces a sixth state, that is a ghost [519]. Ref. [520] provided
a nonlinear construction that is ghost free. 3 We are not interested here in the nonlinear
self-interactions of the massive spin-2 field, so we will simply employ the Fierz and
Pauli linear term, implicitly assuming a ghost-free nonlinear completion.
The coupling of the spin-2 mediator is expected to be universal, but it might couple
more strongly to the SM (and the dark sector) than a Planck suppressed gravitational
coupling. Thus we consider here, a massive spin-2 mediator coupling via the energy
momentum tensor but with an intermediate mass scale, thus enhancing its couplings
relative to gravity. We generalize spin-2 couplings to Dark Matter and study the
production mechanism of Dark Matter through a massive spin-2 portal.
This chapter is organized as follows. In the next section, we lay out the model
which includes a massive spin-2 mediator which is coupled to both the Dark Matter
sector and the SM. In Sec. 9.3, we discuss our computation of the relic Dark Matter
abundance and our results are given in Sec. 9.4 where we consider separately the cases
of heavy and light mediators and discuss the impact of dropping the instantaneous
reheating approximation and our conclusions are given in Sec. 9.5.
9.2 The model
The model we consider is a relatively minimal extension of the SM which includes
(in addition to the massless graviton hµν) a Dark Matter candidate X, and a massive
3In fact, such a model was already formulated in [521, 522], using the vielbein formalism. It was
noted in these works that the ghost does not appear in the scalar sector of the theory. A conclusive
proof that the ghost is absent in the full theory was later obtained in [523], also using the vielbein
formulation.
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spin-2 mediator h˜µν and is described by the Lagrangian
L = LSM + LDM + LEH + Lh˜ + L1int + L2int , (9.9)
with LSM (LDM) the Standard Model (Dark Matter) Lagrangian. LEH is the Einstein-
Hilbert sector4 which contains the kinetic terms of the massless graviton obtained
after expanding the metric around flat space, gµν ' ηµν + hµν/MP . Lh˜ is the ghost-
free Fierz-Pauli Lagrangian which contains the kinetic and mass terms for the massive
spin-2 field. A general mass term for a spin-2 field can be written as:
Lh˜ ⊃ −
1
2(ah˜µν h˜
µν − bh˜2) , (9.10)
where h˜ ≡ h˜µν . However, as briefly discussed in the introduction, one would expect at
first sight that a massive spin-2 would carry ten degrees of freedom, which is reduced
to six by considering a minimal coupling to matter with ∂µT µν = 0. It was realized,
when trying to quantize such a field, that one mode possesses kinetic terms with a
wrong sign and therefore describing a ghost. The trick of Fierz and Pauli to avoid
such a situation is to set a = −b. In this case the propagator describes five degrees of
freedom corresponding to the five polarization states of the massive spin-2. Using this
condition, the complete Fierz-Pauli Lagrangian is given by:
Lh˜ = −
1
2∂σh˜µν∂
σh˜µν+∂µh˜νσ∂ν h˜µσ−∂µh˜µν∂ν h˜+ 12∂σh˜∂
σh˜− 12m
2
h˜(h˜µν h˜
µν−h˜2) . (9.11)
The massive spin-2 propagator Παβ,ρσ2 (p) and polarization sum rule can be built from
the quantity Παβ ≡ ηαβ + pαpβ/m2 as:
Παβ,ρσ2 (p) =
−i
p2 −m2
[1
2(Π
αρΠβσ + ΠασΠβρ)− 13Π
αβΠρσ
]
, (9.12)
and ∑
λ
αβ(p, λ)∗ρσ(p, λ) = 12(Π
αρΠβσ + ΠασΠβρ)− 13Π
αβΠρσ , (9.13)
where µν(p, λ) is the polarization tensor of a spin-2 propagating with a momentum p
and a polarization state λ. The polarization tensors satisfy the following relations:
pµ
µν(p, λ) = 0 , ηµνµν(p, λ) = 0 , µν(p, λ)∗µν(p, λ′) = δλλ′ . (9.14)
The propagator of the massless graviton can be written in the Lorentz gauge as:
Παβ,ρσ1 (p) =
−i
p2
[1
2(η
αρηβσ + ηασηβρ)− 12η
αβηρσ
]
. (9.15)
The final two terms present in the Lagrangian, Liint are the interaction terms with the
massless graviton hµν (i = 1) and the massive spin-2 mediator h˜µν (i = 2) that can be
written, from the equivalence principle:
L1int =
1
2MP
hµν (T µνSM + T
µν
X ) (9.16)
4See Eq. (1.5).
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L2int =
1
Λ h˜µν (gSMT
µν
SM + gDMT
µν
X ) (9.17)
where MP is the reduced Planck mass MP ' 2.4 × 1018 GeV, and Λ . MP is an
intermediate scale and governs the strength of the new spin-2 interaction. The cou-
plings, gSM (gDM) of the messenger to the Standard Model (Dark Matter) allow us to
distinguish interactions between the two sectors. Of course only 2 of the three param-
eters (Λ, gSM, gDM) are independent. The form of the stress-energy tensor of a field, T aµν
depends on its spin a = 0, 1/2, 1.5 In general, we can write
T 0µν =
1
2 (∂µφ ∂νφ+ ∂νφ ∂µφ− gµν∂
αφ ∂αφ) ,
T 1/2µν =
i
4 ψ¯ (γµ∂ν + γν∂µ)ψ −
i
4
(
∂µψ¯γν + ∂νψ¯γµ
)
ψ ,
T 1µν =
1
2
[
Fαµ Fνα + Fαν Fµα −
1
2gµνF
αβFαβ
]
. (9.18)
The amplitudes relevant for the computation of the processes SMa(p1) + SMa(p2) →
DMb(p3) + DMb(p4) can be parametrized by
Mab ∝ ∑
i=1,2
〈pa1pa2|Liint|pb3pb4〉 ∝
∑
i=1,2
MaµνΠ
µν,ρσ
i M
b
ρσ , (9.19)
where a and b denote respectively the spin of the SM and DM particles involved in
the process a, b = 0, 1/2, 1. Πµν,ρσi denotes the propagators of the graviton (i = 1) and
massive spin-2 (i = 2) given respectively in Eq. (9.15) and Eq. (9.12). The partial
amplitudes, Maµν , can be expressed as
M0µν =
1
2(p1µp2ν + p1νp2µ − gµνp1.p2) ,
M1/2µν =
1
4 v¯(p2) [γµ(p1 − p2)ν + γν(p1 − p2)µ]u(p1) ,
M1µν =
1
2
[
∗2.1(p1µp2ν + p1νp2µ)− ∗2.p1(p1µ1ν + 1µp2ν)
−1.p2(p1ν∗2µ + p1µ∗2ν) + p1.p2(1µ∗2ν + 1ν∗2µ)
+ηµν(∗2.p11.p2 − p1.p2 ∗2.1)
]
, (9.20)
with similar expressions in terms of the Dark Matter momenta, p3, p4. The total
amplitude squared implied in the processes SM SM → DM DM will be a sum of the
three contributions, weighted by the Standard Model content in fields:
|M|2= 4|M0|2+45|M1/2|2+12|M1|2. (9.21)
Further details regarding these amplitudes are found in Sec. C.
5We assume real scalars and Dirac fermions throughout our work.
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9.3 The relic abundance
As noted in the introduction, reheating after inflation is often assumed to occur in-
stantaneously, on a timescale given by the inflaton decay rate Γφ. This results in a
thermal bath of initial temperature (see [513,514] for a detailed discussion)
TRH =
(
40
gRH pi2
)1/4 (ΓφMp
c
)1/2
, (9.22)
where gRH is the number of effective degrees of freedom in the thermal bath of tem-
perature TRH, and where c is an order one parameter that depends on when pre-
cisely reheating is assumed to take place (setting Γ−1φ equal to the reheating time,
Γ−1φ = tRH, leads to c = 1; setting it instead equal to the Hubble rate, Γφ = H (tRH),
leads to c = 23). Numerical solutions to particle yields during reheating agree with the
instantaneous approximation if c ≈ 1.2 [90,514,524].
In reality reheating is a finite-duration process. The inflaton decay products ther-
malize on a much shorter timescale than Γ−1φ , so it is appropriate to assume the
co-existence of a decaying inflaton, and of a thermal bath arising from the decay. In
this context, the reheating temperature is conventionally defined as the temperature of
the thermal bath when it starts to dominate over the inflaton. However, the thermal
bath reaches its maximum temperature while still subdominant to the inflaton. One
finds (see for instance Ref. [514])
Tmax ' 0.5
(
mφ
Γφ
)1/4
TRH , (9.23)
where mφ is the inflaton mass. Perturbativity requires Γφ < mφ, and it is typical
to have Γφ  mφ. Therefore the maximum temperature of the thermal bath can be
many orders of magnitude greater than TRH.
Particle production at temperatures T > TRH can be significant. There are two
reasons, in fact, why assuming an instantaneous reheating can lead to a significant
underestimation of the Dark Matter abundance. The first case, which has extensively
been pointed out in the literature, occurs when the (thermally averaged) Dark Matter
production cross section times velocity given in Eq. (9.5) has a strong temperature
dependence. Such a relation applies for instance when the Dark Matter is produced
from quanta in the thermal bath by the exchange of a heavy mediator of mass M  T .
If n < 6 in this relation, the Dark Matter abundance is mostly produced at the end of
reheating, when T ' TRH. In contrast, the quanta produced at T ' Tmax dominate the
final abundance if n > 6. For n = 6, particles produced at any temperature equally
contribute to the final abundance. This results in a logarithmic ln Tmax
TRH
enhancement
of the abundance with respect to the naive estimate based on instantaneous reheating.
As shown in [513], n = 6 is obtained in the case of gravitino Dark Matter in high scale
supersymmetry models. As we show in the present work, this also applies to the cases
in which the mediator is a heavy spin-2 particle. While we do not consider it here,
the same strong temperature dependence is found if the mediator is a pseudo-scalar
particle, and both the Dark Matter and the quanta in the thermal bath are spin-1
particles.
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A second reason why the instantaneous reheating case can lead to a significant
underestimation of the Dark Matter abundance, and which we explore in the present
work, is if the mass M of the mediator is between TRH and Tmax. In this case, it
is possible that the final Dark Matter abundance is due to the quanta produced on
resonance, taking place at T ' M . The resonance is missed if one simply assumes
that the thermal bath is instantaneously formed with T = TRH.
The numerical analysis in this work takes into account the total set of Boltzmann
equations for the time evolution of a system whose energy density is in the form of
unstable massive particles φ (the inflaton for instance), stable massive DM particles
X, and radiation R (ie SM particles). For the exact computation, we assumed that
φ decays into radiation with a rate Γφ, and that the DM particles are created and
annihilate into radiation with a thermal-averaged cross section times velocity 〈σv〉.
The corresponding energy and number densities satisfy the differential equations [18,
511]
dnX
dt = −3H nX − 〈σv〉
[
n2X − (neqX )2
]
,
dρR
dt = −4H ρR + Γφ ρφ + 2〈σv〉〈EX〉
[
n2X − (neqX )2
]
,
dρφ
dt = −3H ρφ − Γφ ρφ . (9.24)
We assumed that each X has energy 〈EX〉 '
√
m2X + 9T 2 and the factor 〈EX〉 is the
average energy released per X pair annihilation. The Hubble expansion parameter H
is given by H2 = 13M2P (ρφ+ρR+ρX). Thermalization of the SM radiation produced by
inflaton decays is rapid [514, 525–527]. However, as shown in [528], a sizable amount
of DM could be produced before the SM particles thermalize, we do not take into
account this effect here. As such, we can define a radiation temperature,
T =
(
30ρR
pi2g(T )
)1/4
, (9.25)
and Tmax corresponds to the maximum temperature attained during the reheating
process. When the Dark Matter number density is far below its equilibrium abundance
(and when inflaton decays do not directly produce X) the Dark Matter density nX is
given by the approximate Boltzmann equation
dnX
dt = −3HnX + (n
eq
X )2〈σv〉 , (9.26)
where H is the Hubble rate and neqX is the number density that the dark-matter would
have in thermal equilibrium. This relation assumes that the Dark Matter is produced
through 2→ 2 processes from quanta in the thermal bath, and that the Dark Matter
abundance is well below its thermal equilibrium value, which is the case in the models
considered here. This relation can be rewritten as
dYX
dT = −
R(T )
HTs
, (9.27)
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where YX = nX/s is the Dark Matter yield, s = 2pi
2
45 gs(T )T
3 is the entropy density in
the thermal bath with gs(T ) effective number of degrees of freedom. The production
rate, R(T ) = (neqX )2〈σv〉 for the 1 + 2 → 3 + 4 process is obtained from
R(T ) =
∫
f1f2
E1E2dE1dE2 d cos θ12
1024pi6
∫
|M|2dΩ13 , (9.28)
where f1 and f2 are the distribution functions of the initial (SM) particles.
The two processes we consider contributing to the relic abundance are the ex-
change of the (massless) graviton hµν , with Planck mass suppressed couplings, and
the exchange of the massive spin-2 mediator h˜µν . Different results are obtained in the
heavy mediator (mh˜ > TRH) and light mediator (mh˜ < TRH) cases which are discussed
separately below.
9.4 Results
As noted above, all of the results in this work are obtained via a numerical calculation
using the complete set of the Boltzmann equations (9.24), and are not based on the
instantaneous reheating approximation. However, it is useful to give approximate so-
lutions in order to perform simple analytical estimates, as the difference between the
instantaneous and the non-instantaneous reheating is often an overall multiplicative
factor [513]. In Sec. A.4.2, we derive in detail the computation of the relic abun-
dance. We obtained the following expression for the relic density in the instantaneous
approximation:
Ωh2RH
0.1 ≈
(
mX
1 GeV
){
8× 10−17
( α
α0
)( TRH
1012 GeV
)3
+ Θ[TRH −mh˜]
[
4× 10−6
(β1
β01
)( TRH
1012 GeV
)3(1016 GeV
Λ
)4
+ 2
(β2
β02
)( mh˜
1010 GeV
)(1016 GeV
Λ
)2]
+ Θ[mh˜ − TRH]
[
70
(β3
β03
)( TRH
1012 GeV
)7(1016 GeV
Λ
)4(1011 GeV
mh˜
)4]}
,
(9.29)
where we fixed gSM = gDM = 1, gs = 100 and Θ is the Heaviside step function. The
first term in this expression is due to ordinary graviton exchange in the processes
producing Dark Matter. We see that this contribution is completely negligible unless
the Dark Matter is very heavy. The following terms are due to the exchange of a
massive spin-2 state in three different mass regimes, namely mass greater, smaller but
comparable, and much smaller than the reheating temperature. The numerical factors
α, β1, β2 and β3 are normalized by their values for the case of a scalar Dark Matter
candidate and would change by a factor of one order of magnitude if the Dark Matter
is a fermion or a vector. The superscript of the coupling coefficients denotes the spin
of the Dark Matter candidate and values of these coefficients are tabulated in a table
given in Sec. C. Note that the parametric dependence in the above expressions for Ωh2
can be seen directly from the rates with Ωh2 ∼ R/nH ∼ RMP/T 5. Overall, we can
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distinguish 4 regimes corresponding to 4 different process leading to the production of
a sufficient abundance of Dark Matter.
• Super-heavy mediator regime, or decoupling regime (mh˜  TRH): When mh˜ &
3000(β3α0/β03α)1/4(1016GeV/Λ)TRH, the dominant production mode is through
the exchange of a massless graviton. For very large masses, the rate mediated
by the spin-2 propagator is suppressed even relative to the Planck suppressed
rate mediated by gravity. In this regime, the first term of Eq. (9.29) dominates.
The production rate in such regime is very sensitive to the temperature of the
thermal bath and is proportional to R(T ) ∝ T 8
M4P
6.
• Heavy mediator regime (mh˜ > TRH): When the condition for the super-heavy
mediator regime above is not satisfied, yet the mediator mass still exceeds the
reheating temperature, the dominant mode is massive spin-2 mediator with rate
given by the final term (proportional to β3) in Eq. (9.29). Despite the massive
mediator, the coupling and hence the rate are enhanced over the gravitational
rate by the fact that Λ < MP . The rate is in this case highly dependent on the
temperature and is proportional to R(T ) ∝ T 12Λ4m4
h˜
.
• Narrow Width Approximation (NWA) (mh˜ . TRH): this regime dominates when
the temperature of the thermal bath approaches the mediator mass mh˜. h˜µν is
then produced on-shell in resonance, and if the width Γh˜ is sufficiently small, this
process will dominate. The expression of the width can be found in the Sec. C
and scales as Γh˜ ∼ m3h˜/Λ2. The rate is mildly dependent on the temperature
and is proportional to R(T ) ∝ m
9
h˜
Λ4Γh˜
T
mh˜
K1
(
mh˜
T
)
∝ m
6
h˜
Λ2
T
mh˜
K1
(
mh˜
T
)
7. For T ∼ mh˜
we obtain the term proportional to β2 in Eq. (9.29).
• Light mediator regime (mh˜  TRH): this regime is very similar to the well studied
case of a light gravitino. Indeed, the behavior and couplings are exactly the same
except the coupling, proportional to 1/Λ and not 1/MP , is much larger. This
regime is the one for which the particle production is greatest and the rate is
proportional to R(T ) ∝ T 8Λ4 .
The exact dependence on the temperature of each rate is detailed in Sec. C, and
is fundamental in order to understand the behavior of the relic abundance as function
of the reheating temperature. For an illustration, we show in Fig. 9.2 the production
rate R(T ) as function of the dimensionless parameter x = mh˜/T for mh˜ = 1012 GeV
and Λ = 1016 GeV.
We can clearly distinguish 3 main regimes (in addition, the superheavy mediator
regime is seen as a slight bend in the curve at large mh˜/T ) in this figure. To guide
the eye, we have plotted with dashed lines all four regimes as if they were valid at all
values of x. The line labeled as graviton corresponds to the superheavy mediator with
rate proportional to α. The solid black line corresponds to the full calculation valid
for all values of x. When T  mh˜, the rate is dominated by the light mediator limit,
6The exact expression of the rates can be found the Sec. C for the separate cases of scalar,
fermionic, and vector Dark Matter.
7See the Sec. C for details.
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Figure 9.2 – Evolution of the production rate R(T ) from Eq. (9.28) as function of
mh˜/T for Λ = 1016 GeV and mh˜ = 1012 GeV.
R(T ) decreasing with the temperature at a rate proportional to T 8. Then, when the
temperature approaches the mass of the mediator, the NWA regime dominates, giving
a rate very mildly dependent on the temperature (R(T ) ∝ T
mh˜
K1(mh˜T )). It is only when
T drops below mh˜ that the exponential behavior of the Bessel function dominates. At
larger x, the rate then drops abruptly to enter in the heavy mediator regime, with
a strong dependence on the temperature R(T ) ∝ T 12. At still lower temperatures,
eventually graviton exchange dominates and the rate again falls as R ∼ T 8.
In the following subsections, we compute the relic abundance of the Dark Matter,
integrating the production rate in each of these regimes. The integration was made
numerically, using the set of equations (9.24), taking into account the effect of non-
instantaneous reheating on the relic abundance. However, as it was shown in [513],
the difference induced by the exact non-instantaneous reheating treatment is a mul-
tiplicative factor, independent of the model, except when the resonance is important.
The analytical expressions in Eq. (9.29) are based on the instantaneous reheating
approximation and are used only as an aid to describe the results below.
9.4.1 Heavy mediator regime
In the heavy mediator scenario, for scalar Dark Matter8 one can extract from Eq. (9.29)
the expression for Ωh2 in the term proportional to β3. This result (based on instan-
taneous reheating) should be multiplied by a “boost” factor, BF , to account for non-
instant reheating. It was calculated in [513] to be BF = f(n)565 ln
(
Tmax
TRH
)
' 20 for
Tmax/TRH ∼ 100 and numerically f(6) ≈ 0.4. We plot in Fig. 9.3 the values of TRH
and mh˜ required to obtain a relic density of Ωh2 ' 0.1 for two choices of Dark Mat-
8Sec. C also includes the exact formulae for fermionic and vectorial Dark Matter. However, these
differ only by a factor of order one to ten.
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ter masses (1 GeV and 1010 GeV) and9 Λ = 1016 GeV. It is important to underline
that, to produce this figure, we took into account the enhancement of the production
rate due to non-instantaneous reheating. Indeed, as it was shown in [513], such a high
power-law dependence on the reheating temperature implied that the majority of Dark
Matter is produced at the beginning of the reheating process and the approximation
of instant reheating is not valid anymore. However, this enhancement does not depend
on the production process of Dark Matter but only on the ratio Tmax/TRH.
Figure 9.3 – Values of TRH and mh˜ giving rise to the observed scalar DM relic
abundance for mX = 1 GeV and 1010 GeV, gDM = gSM = 1 and Λ = 1016 GeV. The
dotted diagonal lines with mh˜ = TRH and mh˜ = Tmax = 100 TRH are shown for
reference.
In the heavy mediator regime, we can verify the fact that the relic abundance is
compatible with WMAP/Planck data when mX ' 1010 GeV and Λ = 1016 GeV, from
the analytical expression (9.29). Agreement between the curve and our analytical
expression requires the boost factor of about 20. Thus for mh˜ = 1017 GeV, we find
TRH ' 3 × 1013 GeV. Note that for this value of mX , the solid curve cuts off at
TRH = 1010 GeV as we must require TRH > mX so that the production of the Dark
Matter is kinematically allowed. At lower value of mh˜ the analytical expression (9.29)
would require a significantly larger boost factor as the effect of the pole can not
be neglected and this effect is not accurately taken into account in the analytical
expression. In fact, under close examination of the solid line in Fig. 9.3, we see a
change in slope at mh˜ ≈ 1016 GeV. At higher masses, the effect of the pole is safely
neglected and the term propotional to β3 in Eq. (9.29) describes the numerical result
reasonably well.
At still higher mh˜, the curve flattens out, when the term proportional to α in
Eq. (9.29) dominates, corresponding to graviton exchange. Indeed, Eq. (9.29) shows
that when mh˜ > 3000B
1/4
F TRH (for the parameters shown in the figure), graviton
exchange dominates and the necessary reheat temperature is independent of mh˜ and
9When not specified, we will fix gDM = gSM = 1.
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is TRH ' 1014 GeV as seen in Fig. 9.3. This is easily understood once one notices that,
even if massless, graviton exchange is highly suppressed by Planck mass couplings
to the standard-model and dark sector. Note that in the case of graviton exchange
there is effectively no boost factor as the rate depends on T 8 rather than T 12. A large
reheating temperature is needed to compensate the weakness of the coupling. Then
for all masses mh˜ > 7× 1017 GeV, graviton exchange dominates.
For mX = 1 GeV (as seen by the dashed line), the heavy mediator is only important
at extremely high values of mh˜ as seen by the slight bend in the curve at the upper
right of the figure. This bend corresponds to the point where the effect of the pole
ceases to dominate as we previously saw for mX = 1010 GeV and discussed above.
9.4.2 Light mediator regime
As we discussed above, if mh˜ is lighter than the reheating temperature TRH , there is the
possibility of resonant production of the mediator h˜µν [529]. One can easily understand
that once the temperature of the thermal bath T dropped to the value T ' mh˜/2,
Dark Matter production will be enhanced by the rapid s-channel cross section on
resonance. The important parameter in this case is the width of h˜. Within the narrow
width approximation, one can compute the rate and relic density (see the Sec. C for
details) which is given in Eq. (9.29) by the term proportional to β2. This expression is
obviously independent of TRH because it corresponds to rapid Dark Matter production
around T ∼ mh˜. This pole-phenomena is clearly visible in Fig. 9.3, represented by
the vertical line (for mX = 1 GeV) corresponding to the value mh˜ ' 5 × 109 in good
agreement with our analytical computation Eq. (9.29).
For lower values of mh˜, the pole process occurs at lower temperatures and the
Dark Matter production rate is not sufficient to obtain the correct relic density. The
dominant production mode becomes the exchange of the spin-2 mediator offshell. Its
contribution is given in Eq. (9.29) by the term proportional to β1. In this case, the
rate does not scale with the mediator mass and we expect a specific value of TRH
necessary to obtain the correct relic density for a given Dark Matter mass. We obtain
the right amount Dark Matter with mass, mX = 1 GeV for TRH ' 6×1013 GeV, which
corresponds to the plateau observed on the left hand side of Fig. 9.3.
9.4.3 Non-instantaneous reheating
The effects of non-instantaneous reheating on the relic abundance is shown in Fig. 9.4,
where we plot the ratio of the relic abundance computed with the the exact numerical
solution compared to instant-reheating approximation, Ωh2/Ωh2RH. There are several
effects of non-instantaneous reheating, depending on the mass of the mediator mh˜
relative to TRH and Tmax:
• If mh˜  TRH , the Dark Matter production process is dominated by the exchange
of the (light) spin-2 mediator, h˜. Since the cross section is proportional to T 2
(n = 2), the boost factor BF = Ωh2/Ωh2|RH is marginal (of the order of 1.5 in
accordance with what was found in [513]). This is seen by the horizontal part of
the solid line at the smallest values of mh˜ shown.
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Figure 9.4 – Boost factor for scalar Dark Matter with mX = 1010 GeV due to
non-instantaneous reheating as function of mh˜ for Λ = 1016 GeV. The red
dotted-dashed lines correspond to mh˜ = TRH = 5× 1013 GeV and
mh˜ = Tmax = 100 TRH.
• At slightly higher mh˜, we notice that the boost factor is unity. This is a conse-
quence of the weak influence of the temperature on the production rate. Indeed,
at these values of mh˜, the rate R(T ) is dominated by the pole-production and
R(T ) ∝ TK1
(
mh˜
T
)
. If we ignore the pole, then the abundance is characterized
by a rate which is proportional to T 8 (as it is for very large mh˜) and we obtain
a boost factor of ≈ 1.5 as seen by the dotted line.
• If TRH < mh˜ < Tmax, there is a huge enhancement of the cross section depicted in
Fig. 9.4 due to the presence of the pole between TRH and Tmax. This boost factor
BF can even reach a few ×103 for this value of TRH. For lower TRH, the boost
factor can be much higher as it scales as Λ2/T 2RH for a fixed ratio of mh˜/TRH.
• Although mh˜ & Tmax, there is a large boost factor associated with the pole, an
effect we already saw in the discussion of Fig. 9.3. At higher mh˜, the boost factor
drops from its peak due to the pole, to the shoulder at around mh˜ = 1017 GeV,
where the rate is proportional to T 12 (corresponding to n = 6 in the cross section
due to the exchange of the off-shell spin-2 mediator). Here, the boost factor is
approximately 20 as discussed above. The dotted line ignores the effect of the
pole and shows the smooth transition between rates which vary as T 8 to T 12 to
T 8.
• Finally, at the largest values of mh˜ shown in the figure, the production rate is
dominated by graviton exchange, and the rate again varies as T 8. The pole can
be safely ignored, and the boost factor is approximately 1.5 as was found for
very low mh˜.
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9.5 Conclusion
We have shown that Dark Matter can naturally be produced through a spin-2 por-
tal. We generalized our study to any massive spin-2 state with stress-energy tensor
couplings to the Standard Model and the dark sector. In a large part of the parame-
ter space, the massive spin-2 portal dominates over the (Planck-suppressed) graviton
exchange. We have performed an exhaustive analysis, considering cases where the
spin-2 field is both heavier and lighter than the reheating temperature. In both cases,
the freeze-in process dominates the production, while enhanced during the reheating
phase (heavy mediator case) or through its resonant production (light mediator case).
We have also shown that our results are greatly influenced by taking into account the
effects of non-instantaneous reheating. Not only do we recover boost factors in the
production due to the large dependence on the temperature of the rate R(T ), but
we have also shown that the presence of a mediator between TRH and Tmax strongly
enhances the relic abundance due to rapid s-channel production when T ' mh˜.
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Conclusion
In this PhD thesis we reviewed some theoretical elements required to understand
how the combination of cosmological observations including (between others) studies
of the cosmic microwave background, distant supernovae, large samples of galaxy
clusters, baryon acoustic oscillation measurements and gravitational lensing has firmly
established a standard cosmological model where the Dark Matter, a new yet-to-
be discovered form of matter, accounts for about 85% of the matter content of the
Universe, and about 27% of the global energy budget.
We reviewed the theoretical foundations of the WIMP paradigm as an attractive
solution to this invisible mass issue since the Dark Matter abundance is set to the
observed value by a new physics scale that is well motivated and only require one
major assumption, i.e. the primordial thermal contact between the dark sector and
the Standard Model bath. As a result, concrete realizations of WIMP models had been
developed in different Beyond-the-Standard-Model (BSM) frameworks, accessible to
several search strategies such as direct, indirect and collider searches whose current
status and prospects have been discussed.
In particular, we have studied the simplest WIMP constructions, i.e., the Higgs
portal and the Z portal, and we concluded that these models will be substantially
ruled out, ad exception of the case of fermionic DM with only axial couplings with
the Z boson (e.g., Majorana DM), in absence of signals in next generation of Direct
Detection experiments. The tension with direct detection constraints can be relaxed
in somehow next-to minimal scenarios for instance by introducting of a BSM scalar
s-channel mediator. However, the introduction of such extra degree of freedom seems
quite contrived and would require some theoretical arguments.
The BSM framework of extended gauge symmetries is well suited to the WIMP
paradigm as both the Dark Matter stability and the origin of the mediator can natu-
rally arise in such constructions. We studied specific models in which the connection
between a vectorial Dark Matter candidate and the massive gauge field of a broken
new BSM symmetry group Z ′ is mediated by a Chern-Simons (CS) interaction, whose
origin is motivated by anomaly cancellation mechanisms. In particular, we explored
the possibility of connecting the Z ′ with the Standard Model via a kinetic mixing term
with the hypercharge field B as well as the possibility of having a second CS-like term
involving the Z ′ and the hypercharge field strength tensor. We performed a complete
phenomenological analysis of such models and proposed a framework for the genera-
tion of Chern-Simons coupling from a UV complete model as well as a radiative origin
of the kinetic mixing. The existing and near future experimental setups would favor a
value of the CS coupling hard to explain with a radiative origin unless more families of
the BSM fermions are included or in the case where strong couplings are considered.
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The radiative origin of the kinetic mixing between the vectorial DM and the mediator
could be avoided, to ensure the Dark Matter stability, by suitedly choosing the charge
assignment of the heavy fermions, but would be quite contrived. The phenomenolog-
ical analysis of these models showed the possibility to account for the Dark Matter
abundance in our universe. However, a more detailed theoretical analysis based on UV
completion of this framework showed that the viable parameter space compatible with
the previous statement would require some tuning of the parameters of the theory.
In a different chapter, we scrutinized a flavourful model, where a fourth vector-
like family is introduced and charged under an extra U(1)′ symmetry, as a possible
solution to the RK(∗) flavour anomalies. The massive Z ′ associated to this broken
gauge symmetry plays the role of mediator between the Standard Model and the Dark
Matter, i.e. the fourth-family singlet Dirac neutrino. In the absence of mixing, the
Z ′ is fermiophobic, having no couplings to the three chiral families, but does couple
to a fourth vector-like family. The presence of Yukawa couplings between some new
singlet scalars charged under the extra U(1)′ and the four families of fermions induces
mixing between generations. Such mixing effects induces Z ′ couplings to second family
left-handed lepton doublets and third family left-handed quark doublets. This model
can simultaneously account for the measured B-decay ratios RK(∗) for the observed
relic abundance of Dark Matter. Facing a plethora of constraints from flavour physics,
collider and Dark Matter searches, this analysis hints at a particular viable corner
of the parameter space where the mediator has a mass of the order of 500 GeV.
The allowed window can be further squeezed by better precision measurements of the
trident νµN → µ+µ−νµN process, and by improving the theoretical precision of the
SM prediction for the Bs meson mass difference. The preferred range of Dark Matter
masses and couplings could be probed by the future generation of direct detection
experiments.
Alternative thermal Dark Matter production mechanisms have been discussed in
the third part of this thesis, such as the Strongly Interactive Massive Particles (SIMP)
and ELastic Decoupling Relic (ELDER) mechanisms. In these frameworks, the role of
interactions inside the dark sector as well as the effect of an early decoupling between
the Dark Matter and the SM bath imply a different phenomenology. In particular,
such frameworks provide the possibility of having a sizable Dark Matter self-interaction
cross section that could alleviate tensions between observations and N-body simula-
tions based on ΛCDM. In this thesis we considered an explicit realization of the SIMP
mechanism in the form of vector SIMPs arising from an SU(2)X hidden non-abelian
gauge theory, where the accidental custodial symmetry protects the stability of the
Dark Matter. We propose several ways of equilibrating the dark and visible sectors
in this setup. In particular, we showed that a light dark Higgs portal can maintain
thermal equilibrium between the two sectors, as can a massive dark vector portal ki-
netically mixing the hyperchage, with its generalized Chern-Simons couplings to the
vector SIMPs, all while remaining consistent with experimental constraints.
In the last chapter we discussed the possibility of producing the Dark Matter non-
thermally from annihilation or decay of particles in thermal contact with the Standard
Model bath. In particular, we studied the case where a heavy spin-2 messenger can
efficiently play the role of a portal between the dark and Standard Model sectors. In
a large part of the parameter space compatible by the requirement of generating the
correct relic density, production through the exchange of a massive spin-2 mediator
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dominates over processes involving a graviton with Planck suppressed couplings. We
studied the impact of the reheating stage of the universe on the Dark Matter produc-
tion, and we showed that our results are greatly influenced by taking into account the
effects of non-instantaneous reheating. Not only do we recover boost factors in the
production due to the large dependence on the temperature of the production rate, but
we have also shown that the presence of a mediator with a mass of the order of the
reheating temperature might significantly enhance the production due to resonance
effects of the massive spin-2 state.
The work presented in this thesis aimed at tackling one of the open questions
of modern physics regarding our understanding of the fundamental laws of nature.
The precise nature of the Dark Matter still remains unknown to this day, but it is
clear that most of the WIMP models will be scrutinized in the next decades. This
thesis highlighted the paramount role of the next generation of experiments and its
complementarity with theoretical considerations as a way to solve the disturbing puzzle
of the presence of Dark Matter in our universe.
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In this chapter we provide some details regarding the derivation of the Boltzmann
equation expressing the time evolution of the Dark Matter density and its resolution
in the specific cases considered in this thesis.
A.1 Derivation of the Boltzmann equation : the
WIMP case
In this section we derive the Boltzmann equation, relating the time evolution of the
number density of some species in the universe to its interaction processes. The Liou-
ville operator Lˆ represents the time evolution of the phase space distribution function
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f(xµ, pµ). In the context of general relativity, the Liouville operator can be written
as:
Lˆ[f ] = pµ ∂f
∂xµ
− Γµαβpαpβ
∂f
∂pµ
. (A.1)
In the specific case of the FLRW metric, according to the homogeneity and isotropy
hypotheses, the distribution function does not depend on space-time coordinates and
depends only on the momentum modulus f(~p, ~r, t) = f(|~p|, t). Thus the Liouville
operator then takes the form simplified form:
Lˆ[f ] = E∂f
∂t
− a˙
a
p2
∂f
∂E
. (A.2)
The number n(t) density can be defined as:
n(t) ≡ g(2pi)3
∫
f(p, t) d3p , (A.3)
where g is the number of degrees of freedom of the species considered. Integrating of
the momentum gives:
g
(2pi)3
∫
d3pL[f ]
E
= n˙−H g(2pi)3
∫
d3pp
2
E
∂f
∂E
= n˙+ 3Hn = 1
a3
d(na3)
dt . (A.4)
In a non-interacting universe, the momentum integral of the Liouville operator would
vanish
1
a3
d(na3)
dt = 0 , (A.5)
expressing the conservation of the number of particles per comoving volume. In the
case of number changing microscopic processes such as scattering or annihilations, the
evolution of the phase space distribution is ruled by the Boltzmann equation
Lˆ[f ] = Cˆ[f ] , (A.6)
where Cˆ[f ] is the collision operator. Consider the microscopic process:
1 + 2 + . . .↔ a+ b+ . . . , (A.7)
For this specific process, the collision operator can be defined as:
Cˆ[f1] ≡− 12
∫
dΠ2 . . . dΠa dΠb(2pi)4δ(4)(p1 + p2 + . . .− pa − pb − . . .)
×
[
|M|21+2+...↔a+b+...f1f2 . . . (1± fa)(1± fb)...
− |M|2a+b+...↔1+2+...fafb . . . (1± f1)(1± f2) . . .
] (A.8)
where +,− respectively apply to bosons and fermions. The amplitude squarred |M|2 is
averaged over initial and final spin states and divided by symmetry factors accounting
for identical initial or final states. We introduced the Lorentz invariant quantity dΠ:
dΠi ≡ gi 1(2pi)3
d3pi
2Ei
. (A.9)
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Integrating over the momentum of 1 gives:
n˙1 + 3Hn1 =−
∫
dΠ1 dΠ2 . . . dΠa dΠb(2pi)4δ(4)(p1 + p2 + . . .− pa − pb − . . .)
×
[
|M|21+2+...↔a+b+...f1f2 . . . (1± fa)(1± fb)...
− |M|2a+b+...↔1+2+...fafb . . . (1± f1)(1± f2) . . .
] (A.10)
In order to consider all the possible collision terms that are affecting the phase space
distribution f1, one has to sum on the right-hand side, over all the possible processes
involving the particle 1, including processed involving a larger number of particles.
In the following, we will focus on how to rewrite the collision operator in a more
convenient way, for few specific cases.
A.1.1 The Liouville operator in the radiation era
In the radiation era entropy is conserved and the expansion rate is dominated by
radiation components, therefore entropy density and H can be expressed as a function
of the temperature
s(T ) = g?,s
2pi2
45 T
3 and H(T ) =
(g?pi2
90
)1/2 T 2
MPl
, (A.11)
Where MPl is the reduced Planck mass.
We define the yield Yi = ni/s as a quantity proportional to the number of particle
when entropy is conserved, allowing to write the left-hand side of the Boltzmann
equation as:
n˙1 + 3Hn1 = −H(T )s(T )T dY1dT
(
1
3
d log g?,s
d log T + 1
)−1
. (A.12)
However, the term on the RHS corresponding to the temperature variation of the
effective numbers of relativistic species can sometimes be neglected. In this case the
Boltzmann equation has the simple form:
n˙1 + 3Hn1 = −H(T )s(T )T dY1dT . (A.13)
A.1.2 Kinetic equilibrium and Maxwell-Boltzmann statistics
Considering of the process i + j ↔ a + b, one can write the right-hand side of the
Boltzmann equation as a function of a physical quantity that can experimentally be
measured and theoretically be computed assuming a specific microscopic model. In
order to remain general we write every introduced quantity in a Lorentz invariant way,
hence define the Lorentz invariant cross section σij1 as:
1As |M|2 includes symmetry and spin averaging factors for both initial and final states, this
definition would have to be rescaled accordingly to match the usual definition of a cross section
in particle physics. This defintion differs to the particle physics standard definition where Lorentz
invariance is satisfied but only when a Lorentz boost is considered along the beam axis.
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σij ≡ 12Ei2Ej(1− ~βi · ~βj)vij
∫
dΠa dΠb(2pi)4δ(4)(pi+pj−pa−pb)|Mi+j→a+b|2, (A.14)
where ~βi ≡ vi/c and we introduced the Lorentz invariant relative velocity :
vij ≡
√
(pi · pj)2 −m2im2j
pi · pj , (A.15)
Considering the relation
4(pi · pj)vij = 4EiEj(1− ~βi · ~βj)vij , (A.16)
assuming thermal distributions and neglecting the Pauli blocking and stimulation fac-
tors2 1±fi ' 1, we can write the right-hand side of the Boltzmann equation in a more
convenient way:
dni
dt + 3Hni =−
∫
dΠifi(pi)
∫
dΠjfj(pj)4(pi · pj)σij→abvij
+
∫
dΠafa(pa)
∫
dΠbfb(pb)4(pa · pb)σab→ijvab
=− nanb〈σab→ijvab〉+ ninj〈σij→abvij〉 ,
we used the velocity averaged cross section defined as follow:
〈σij→abvij〉 ≡ 1
ninj
∫
dΠifi(pi)
∫
dΠjfj(pj)4(pi · pj)σij→abvij . (A.17)
Alternatively, it is common to find definition of 〈σij→abvij〉 involving the Møller velocity
vMøl, more adapted to the non-relativistic regime that can be defined as
vMøl ≡ (1− ~βi · ~βj)vij . (A.18)
In the following we will assume, unless stated explicitely, CP invariance such that
|Mi+j→a+b|2 = |Ma+b→i+j|2. Assuming that species a, b are in kinetic equilibrium
allows to write fa,b ∝ f eqa,b = e−Ea,b/T . In this case, using energy conservation during
the i+ j ↔ a+ b process we have
fafb = f eqa f
eq
b = e−Ea/T e−Eb/T = e−Ei/T e−Ej/T = f
eq
i f
eq
j . (A.19)
Rewriting the product fifj =
(f eqi f eqj
neqi n
eq
j
)
ninj we derive a compact formulation of the
Boltzmann equation:
dni
dt + 3Hni = −〈σij→abvij〉(ninj − n
eq
i n
eq
j ) . (A.20)
It is important to remind the few assumptions implied in the derivation of this expres-
sion :
2equivalent to consider Maxwell-Boltzmann distributions
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• We assumed CP invariance: using the previous derivation in CP violating pro-
cesses would not be valid and one would have to start from the definition of
the collision operator when considering such cases, relevant in the context of
Baryogenesis for instance.
• a and b are always in kinetic equilibrium throughout the freeze-out process:
This condition can be estimated using simple estimate or more exact treatment
as described further on.
• Maxwell-Boltzmann distributions: we assumed that Pauli blocking or enhance-
ment factor can be neglected, this is generally a reasonable assumption in the
non-relativistic regime but these factors can play a role when relativistic decou-
pling is considered for instance.
• Chemical potentials can be neglected: this condition is not always satisfied, one
has to verify that the rate of number changing processes is sufficiently high to
ensure chemical equilibrium.
• Reference frame: we neglected the fact that temperature is defined in a cosmic
comoving frame while usually computation of cross sections are performed in the
centre-of-mass frame, one would need to define a boost factor from one frame to
another to express the apparent ”redshift” of the temperature in the centre-of-
mass frame. In this case factorization of the several terms in the collision operator
is not trivial and would require a specific treatment. However, in the non-
relativistic treatment, as a first approximation, it is a reasonable approximation
to neglect this effect.
A.1.3 Computation of 〈σv〉
Non-relativistic expansion
In the WIMP case, an important point is that the DM is still in kinetic equilibrium
while the decoupling occurs, allowing to trade the distribution fi/ni by f eqi /n
eq
i in
〈σv〉:
〈σv〉ij =
∫∫ dΠif eqi (pi) dΠjf eqj (pj)4(pi · pj)σijvij
neqi n
eq
j
. (A.21)
In order to have an analytical approximation of this quantity, one can perform an
expansion, in the non-relativistic limit of σv, as a power series of the DM velocity
squared:
σv ' (σv)0 + (σv)2v2 + (σv)4v4 + . . . . (A.22)
Hence 〈σv〉 can be written in the non relativistic limit by considering a Maxwellian
velocity distribution as:
〈σv〉 =
∫∫
σve−(p
2
1/2mχ)T e−(p
2
2/2mχ)T d3p1 d3p2∫∫
e−(p21/2mχ)T e−(p22/2mχ)T d3p1 d3p2
= x
3/2
2
√
pi
∫ ∞
0
(σv)v2e−xv2/2 dv , (A.23)
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where 1 and 2 denote the DM particles. Injecting the expansion of σv in the previous
expression gives :
〈σv〉 ' (σv)0 + 32x(σv)2 +
15
8x2 (σv)4 + . . . . (A.24)
Even though this result relies on several approximations, as long as the DM is in
the non-relativistic regime (i.e. x  1) the first term should give a rather reliable
analytical approximation. Notice that this expansion is not valid around pole regions
or near thresholds, in this cases one has to compute numerically the quantity 〈σv〉.
Near a resonance
In the case where the DM can annihilate into SM particles through s-channel exchange
of some heavy field, and if this field is unstable, the cross section expressed as a
function of the center-of-mass energy follows a Breit-Wigner distribution and presents
a resonance when the heavy mediator is produced on shell. In this case the usual
velocity expansion of 〈σv〉 is not longer valid and must be treated differently [335,336].
In particular, it can be computed analytically in the Narrow Width Approximation
(NWA), assuming that (σv) can be expressed as:
(σv) =
∞∑
l=0
bl
l! η
l γ
2
R
(R − η)2 + γ2R
, (A.25)
where η ≡ v
2
4 , R ≡
m2R − 4m2χ
4m2χ
and γR is the width of the resonance normalized by
its mass. 〈σv〉 can then be expressed in the following way:
〈σv〉 = x
3/2
2
√
pi
∫ ∞
0
∞∑
l=0
bl
l! η
l γ
2
R
(R − η)2 + γ2R
v2e−xv
2/2 dv
=2x
3/2
√
pi
∫ ∞
0
∞∑
l=0
bl
l! η
l γ
2
R
(R − η)2 + γ2R
η1/2e−xη dη . (A.26)
In the NWA limit γR  1 the relation:
lim
γR→0
γ2R
(R − η)2 + γ2R
= piγRδ(R − η) , (A.27)
can be injected in the previous integral, giving:
〈σv〉 = 2x3/2pi1/21/2R e−xR
∞∑
l=0
bl
l! 
l
R . (A.28)
This expression depends mostly on the parameter R why quantify the mass difference
between the DM and the mediator, where thermal effects can have sizable effect on
〈σv〉.
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General case
In the relativitic case, near threshold and around poles, the velocity expansion of
〈σv〉 is not valid and one has to evaluate the full numerical integration which can be
expressed, by the change of variable xi = mi/T as a function of a single integral:
〈σv〉ij = 18TΠim2iK2(xi)
∫ ∞
(mi+mj)2
σij
λ(s,mi,mj)√
s
K1(
√
s/T ) ds , (A.29)
where λ(s,mi,mj) = [s − (mi + mj)2][s − (mi − mj)2]2. This expression can be
simplified in the case of the identical initial states [335] by defining a dimensionless
variable z =
√
s/T :
〈σv〉 = 14x4K22(x)
∫ ∞
2x
σ(z2 − 4x2)z2K1(z) dz . (A.30)
A.2 Forbidden channels
A.2.1 General treatment
When computing the Boltzmann equation for the DM density, one has to take into
account all the DM number changing physical processes. In the case where a DM
candidate χ is slightly lighter than some other particle, at zero temperature the DM
annihilation in this channel would be kinematically forbidden but if the difference
between their masses is small enough, the DM particles with velocities corresponding
to the most energetic part of the distribution could have sufficient kinetic energy to
produce this other particle on-shell [336]. This can be the case for instance in the
context of SSB where the higgs h generating the DM mass can be just slightly more
massive. If the higgs is thermalized with the SM for instance, the forbidden channel
sector of the Boltzmann equation for the DM density would read :
dnχ
dt + 3Hnχ ' −2n
2
χ〈σv〉χχ→hh + 2(neqh )2〈σv〉hh→χχ . (A.31)
When the right-hand side of this equation vanishes, the DM evolves only according to
the Hubble expansion rate and the DM would be in thermal equilibrium with the SM
bath, giving the following balance relation:
〈σv〉χχ→hh =(n
eq
h )2
(neqχ )2
〈σv〉hh→χχ
=(1 + ∆)3e−2∆x〈σv〉hh→χχ , (A.32)
in the case of non-relativistic collisions and assuming the same number of degrees of
freedom for the Higgs and the DM, where we introduced the variable ∆ = (mh −
mχ)/mχ. This relation can be injected in the Boltzmann equation:
dYχ
dx =
(
2(Y eqh )2 − 2Y 2χ (1 + ∆)3e−2∆x
)
〈σv〉hh→χχ s
Hx
. (A.33)
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The Higgs density should be suppressed by a exponential Boltzmann factor and then
can be neglected. Assuming a s-wave contribution of 〈σv〉 for simplicity and integrating
over x gives:
Y −1χ,∞ ' 2λ(1 + ∆)3〈σv〉hh→χχ
∫ ∞
xF
dxx−2e−2∆x . (A.34)
Where we defined λ ≡ xs/H. The relic density at the present time becomes:
Ωχh2 =
Mχs0Yχ,∞h2
ρ0c
≈ Mχs0h
2
ρ0c
2λ(1 + ∆)3xFe2∆xF〈σv〉hh→χχ
(
1− 2∆xFΓ(0, 2∆xF)
)
.
(A.35)
Where Γ is the Euler function. Notice that this expression is extremely sensitive to
the mass splitting parameter ∆ because of the exponential Boltzmann factor and thus
can significantly enhance the DM annihilation and, as a result, the relic density.
A.2.2 Contributions in the VSIMP case
Based on the discussion in Sec. 8.4.2, the 2 → 2 forbidden (semi-)annihilation cross
sections (with notations, h1h1 → ii meaning that h1h1 → XiXi and ih1 → jk meaning
that Xih1 → XjXk) are also given by
〈σv〉h1h1→ii =
m2h1
512pim4X
√√√√1− m2X
m2h1
[
64λ2φ
m4X
m4h1
(
4− 4m
2
X
m2h1
+ 3m
4
X
m4h1
)
−16g2Xλφ
m2X
m2h1
(
4 + 8m
2
X
m2h1
− 15m
4
X
m4h1
+ 12m
6
X
m6h1
)
+g4X
(
4 + 20m
2
X
m2h1
+ 11m
4
X
m4h1
− 56m
6
X
m6h1
+ 48m
8
X
m8h1
)]
, (A.36)
〈σv〉ih1→jk =
g4Xm
3
h1
384pim5X
(
1 + 3mX
mh1
)3/2(
1− mX
mh1
)3/2(
1 + mX
mh1
)−1(
1 + 2mX
mh1
)−2
×
(
1 + 4mX
mh1
− 4m
2
X
m2h1
− 10m
3
X
m3h1
+ 144m
4
X
m4h1
+ 396m
5
X
m5h1
+ 297m
6
X
m6h1
)
,
(A.37)
with i 6= j 6= k in the latter case.
A.3 Strongly Interacting Massive Particle
A.3.1 General treatment
Assuming that the DM density evolution is triggered by a 1 + 2 + 3→ 4 + 5 process,
we can write the Boltzmann equation as follow:
dn1
dt + 3Hn1 = −
∫
dΠ1 dΠ2 dΠ3 dΠ4 dΠ5(2pi)4δ4(p)|M|2(f1f2f3 − f4f5) . (A.38)
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where p = p1 + p2 + p3 − p4 − p5. By defining 〈σv2〉 in the following way:
〈σv2〉 ≡ 1
neq1 n
eq
2 n
eq
3
∫
dΠ1 dΠ2 dΠ3 dΠ4 dΠ5(2pi)4δ4(p)|M|2f eq1 f eq2 f eq3 , (A.39)
then we can write the Boltzmann equation as:
dn1
dt + 3Hn1 = −〈σv
2〉(n1n2n3 − n4n5
neq4 n
eq
5
neq1 n
eq
2 n
eq
3 ) . (A.40)
The quantity 〈σv2〉 can be understood as the generalization of the notion of cross
section for a collision process involving three particles in the initial state. In the case
where all the particles have the same mass mχ, in the non-relativistic regime , 〈σv2〉
can be related to the amplitude squared as:
〈σv2〉 = 1
neq1 n
eq
2 n
eq
3
∫ d3p1
(2pi)3
d3p2
(2pi)3
d3p3
(2pi)3f
eq
1 f
eq
2 f
eq
3 (σv2)3→2 , (A.41)
with
(σv2)3→2 ≡ 12E12E22E3
∫ d3p4
(2pi)32E4
d3p5
(2pi)32E5
(2pi)4δ4(p1 + p2 + p3 − p4 − p5)|M|2 .
(A.42)
In the non-relativistic limit, energy conservation gives 3mχ = 2
√
m2χ + p2 with p the
external momentum of an outgoing particle. The quantity (σv2)3→2 can be simplified
if the matrix element M does not depend on the direction of the outgoing particles
as:
(σv2)3→2 =
|M|2
64pim3χ
∫ p dp√
m2χ + p2
δ(p−
√
5mχ
2 ) =
√
5
192pim3χ
|M|2 . (A.43)
Therefore in the specific regime mentioned above, the following relation holds:
〈σv2〉 =
√
5
192pim3χ
|M|2 . (A.44)
A.3.2 Solution of the Boltzmann equation
Assuming a 3 → 2 process involving identical particles, one can write the relevant
Boltzmann equation as:
dnχ
dt + 3Hnχ = −〈σv
2〉(n3χ − neqχ n2χ) . (A.45)
A non-relatisitic freeze-out, similar to the WIMP case, occurs as the second term on the
RHS becomes exponentially suppressed after the freeze-out time xF, where x ≡ mχ/T .
One can derive an analytical approximation of the relic density by integrating the
Boltzmann equation, which can be written as:
Hsx
dYχ
dx ' −〈σv
2〉Y 3χ s3 , (A.46)
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with Yχ ≡ nχ/s. This equation can be integrated straightforwardly, giving a relic
density:
Ωχh2 =
mχs0h
2
ρ0c
√
2H(mχ)
s(mχ)
x2F〈σv2〉−1/2 , (A.47)
where the freeze-out time xF can be estimated by comparing the interaction rate and
the Hubble expansion rate, which gives:
H(xF)n(xF) ∼ 〈σv2〉n3(xF) , (A.48)
for which xF ∼ 20 is a solution, as in the WIMP case. Plugging this value is Eq. A.47
provides an estimation of the relic abundance generated by the SIMP mechanism.
A.3.3 Kinetic equilibrium condition
In order to check if kinetic equilibrium is maintained between the dark sector and SM
thermal baths, we need to understand how energy is transferred between the two baths.
In order to do so, consider the Boltzmann equation A.6 associated to the evolution
of a DM candidate χ with a phase space distribution f . Integrating over all possible
momenta after plugging A.1 gives:
g
(2pi)3
∫
d3p L[f ] = g(2pi)3
∫ (
E
∂f
∂t
−Hp2 ∂f
∂E
)
d3p ,
= g2pi2
∫ (
Ep2
∂f
∂t
+H∂(p
3E)
∂p
f(p)
)
dp , (A.49)
where the second term has been obtained after integrating by parts. Using the ex-
pressions of the energy density and pressure as defined in Sec. 1.2.2, the LHS of the
Boltzmann equation reads:
g
(2pi)3
∫
d3p L[f ] = dρχdt + 3H
(
ρχ + Pχ
)
. (A.50)
The RHS of the Boltzmann equation corresponds to the integral of the collision oper-
ator. In order to evaluate this term, one would have to sum over all possible processes
that can affect the DM phase space distribution. Assuming a scenario where the DM
could scatter with SM particles ψ through processes such as χ1 + ψ1 → χ2 + ψ2, the
RHS of the Boltzmann equation would read:
g
(2pi)3
∫
d3p C[f ] =
∫
dΠχ1 dΠψ1 dΠχ2 dΠψ2(2pi)4δ(4)(pχ1 + pψ1 − pχ2 − pψ2) ,
× (Eχ2 − Eχ1)fχ1fχ2|Mχ1+ψ1→χ2+ψ2|2 , (A.51)
The integral of the collision operator can be understood as the typical energy transfer
between χ and ψ per unit of time. Therefore we define the quantity 〈σelv · δE〉 as:
nχnψ〈σelv · δE〉 ≡
∫
dΠχ1 dΠψ1 dΠχ2 dΠψ2(2pi)4δ(4)(pχ1 + pψ1 − pχ2 − pψ2) ,
× (Eχ1 − Eχ2)fχ1fχ2|Mχ1+ψ1→χ2+ψ2|2 , (A.52)
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and the Boltzmann equation takes the simple from:
dρχ
dt + 3H
(
ρχ + Pχ
)
= −nχnψ〈σelv · δE〉 . (A.53)
From this equation we see that in absence of interaction (i.e. 〈σelv · δE〉 = 0), if the
DM particles are non-relativistic, the pressure can be neglected and this implies:
dρχ
dt + 3Hρχ = 0 , (A.54)
which allows to recover the DM energy density evolution with the scale factor: Ωχ ∝
Ω0χa−3. The quantity 〈σelv · δE〉 can be related to the momentum relaxation rate γ(T )
as:
〈σelv · δE〉 = 43n
−1
ψ γ(T )
(
Tχ − T
)
, (A.55)
where T and Tχ are the temperatures of the SM and dark sector respectively. In
the limit where a non-relativistic DM particle scatters with a relativistic SM particle
of momentum k, the momentum relaxation rate can be expressed as a sum over all
possible SM particles i as:
γ(T ) ≡ 1
T
∑
i
gi
6mχ
∫ ∞
0
d3~k
(2pi)3 fi(1± fi)
|~k|√
~k2 +m2i
∫ 0
−4k2
dt(−t)dσχ+ψ→χ+ψdt , (A.56)
where t is the squared momentum transfer between DM and the relativistic species.
The differential elastic scattering cross section is given by
dσχ+ψ→χ+ψ
dt =
1
64pim2χk2
|Mχ+ψ→χ+ψ|2 . (A.57)
Going back to Eq. A.53 and considering that the DM density evolves according to its
thermal equilibrium function gives:
∂Tχ
∂T
=
3T 2χ
mχT
+
4T 2χ
3m2χ
γ(T )
HT
(
Tχ − T
)
. (A.58)
The first term on the RHS of this equation drives the DM temperature to evolve
grossly as Tχ ∝∼ 1/(− log T ) while the second term tends to moderate the temperature
difference between the two sectors with an efficiency proportional to the momentum
relaxation rate. The decoupling temperature Td can be estimated as the temperature
for which the second term becomes of the order of one, yielding:
4T 2d
3m2χ
γ(Td)
H
∼ 1 . (A.59)
A.3.4 The VSIMP case
Based on the discussion in Sec. 8.4.1, the 3 → 2 annihilation cross sections including
only SU(2)X gauge interactions (with notations, 123→ 11 meaning X1X2X3 → X1X1,
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etc) are, in the non-relativistic limit,
〈σv2〉ijk ≡ 〈σv2〉123→11 = 〈σv2〉123→22 = 〈σv2〉123→33
= 5
√
5g6X
331776pim5X(m2h1 +m2X)2
(347m4h1 + 586m
2
h1m
2
X + 707m4X)
+ 19
√
5g6X
1152pimX(9m2X −m2h1)2
〈(v21 + v22 + v1v2 cos θ12)〉 , (A.60)
〈σv2〉iij ≡ 〈σv2〉112→13 = 〈σv2〉113→12 = 〈σv2〉221→23 = 〈σv2〉223→12
= 〈σv2〉331→23 = 〈σv2〉332→13
= 5
√
5g6X
2654208pim5X
(
14377 +
6m2X(157m2h1 − 763m2X)
(m2h1 − 4m2X)(m2h1 +m2X)
+
3m4X(5281m4h1 − 18558m2h1m2X + 32561m4X)
(m2h1 − 4m2X)2(m2h1 +m2X)2
)
, (A.61)
〈σv2〉iii = 〈σv2〉111→23 = 〈σv2〉222→13 = 〈σv2〉333→12
= 25
√
5g6X
2654208pim5X
(
8375 + 362m
2
X
m2h1 − 4m2X
+ 1713m
4
X
(m2h1 − 4m2X)2
)
. (A.62)
Here, we have included the p-wave terms in 〈σv2〉iii as they have a resonance at mh1 =
3mX . We note that v1, v2 are the speeds of two Dark Matter particles in the initial
states and θ12 is the angle between the two in the center of mass frame.
On the other hand, the 3→ 2 annihilation cross sections including the dark Higgs
(with notations, 122→ 1h1 meaning X1X2X2 → X1h1, etc) are, in the non-relativistic
limit,
〈σv2〉hiii ≡ 〈σv2〉111→1h1 = 〈σv2〉222→2h1 = 〈σv2〉333→3h1
=
√
5g6Xm16h1C1(1−m2h1/(16m2X))1/2
17915904pim10X (4m2X −m2h1)7/2(2m2X +m2h1)2
, (A.63)
with
C1 ≡ 1
m16h1
(
3m16h1 − 270m14h1m2X + 9917m12h1m4X − 187056m10h1m6X + 1952400m8h1m8X
− 11318848m6h1m10X + 35045232m4h1m12X − 52110336m2h1m14X + 30261248m16X
)
,
(A.64)
and
〈σv2〉hijj ≡ 〈σv2〉122→1h1 = 〈σv2〉133→1h1 = 〈σv2〉211→2h1 = 〈σv2〉233→2h1
= 〈σv2〉311→3h1 = 〈σv2〉322→3h1
=
√
5g6Xm20h1C2(1−m2h1/(16m2X))1/2
17915904pim10X (4m2X −m2h1)7/2(2m2X +m2h1)2(7m2X −m2h1)2
, (A.65)
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with
C2 ≡ 1
m20h1
(
13m20h1 − 568m18h1m2X + 33204m16h1m4X − 724140m14h1m6X + 6743931m12h1m8X
− 26087280m10h1m10X + 48284736m8h1m12X − 166749984m6h1m14X + 806289168m4h1m16X
− 2275720192m2h1m18X + 3442229248m20X
)
.
(A.66)
We note that the factor 1/(4m2X−m2h1)4 in the above results is the squared product of
the dark Higgs propagator in s-channel and the Dark Matter propagator in t-channel,
which are regularized at mh1 = 2mX by the finite width of the dark Higgs and a
nonzero Dark Matter velocity, respectively. The 3 → 2 annihilation cross sections
including two dark Higgs bosons such as XXX → h1h1 are p-wave suppressed and
sub-dominant.
A.4 Non-thermal production : the freeze-in case
A.4.1 Dark Matter production in the radiation domination
era
In the case where the coupling strength between the SM particles and the dark sector
is not sufficient to reach a primordial thermal equilibrium state, the DM could be
produced non-thermally assuming that at the end of reheating, Dark Matter is not
already produced in our universe.
Production through decay of a heavy field
One possibility could be that the Dark Matter is produced from annihilations of SM
particles through the exchange of some heavy Z ′ mediator for instance or produced
directly by the decay of this mediator. The full Boltzmann equation relevant in the
former case involves the amplitude M of the χ(p1) + χ(p2)←→ Z ′(p3) process where
χ denotes a DM candidate:
−HsT dYχdT = 2
∫ d3~p1
(2pi)32E1
d3~p2
(2pi)32E2
d3~p3
(2pi)32E3
[
|Mχχ¯→Z′ |2f1(~p1)f2(~p2)
−|MZ′→χχ¯|2f eq3 (~p3)
]
(2pi)4δ4(p1 + p2 − p3) . (A.67)
From the freeze-in approximation, the initial Dark Matter number density vanishes,
we can neglect the term proportional to f1(~p1)f2(~p2). We can use the definition of the
decay width
ΓZ′ =
1
2mZ′
∫ d3~p1
(2pi)32E1
d3~p2
(2pi)32E2
|MZ′→χχ¯|2(2pi)4δ4(p1 + p2 − p3) , (A.68)
to write the Boltzmann equation as:
−HsT dYχdT =
∫ d3p3
(2pi)3E3
ΓZ′e−E3/T , (A.69)
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where we considered Maxwell-Boltzmann statistics for the Z ′. Computing the integral
over all possible momenta and using the variable z ≡ mZ′/T gives:
Hsz
dYχ
dz =
m3Z′
2pi2 ΓZ
′
K1(z)
z
. (A.70)
The yield Yχ(z) can be expressed as a function of the following integral:
Yχ(z) =
m3Z′
2pi2
ΓZ′
H(mZ′)s(mZ′)
∫ z
0
K1(z′)z′3 dz′ . (A.71)
The yield at the present time Y nowχ ' Y ∞χ can be estimated analytically as:
Y ∞χ '
1
2pi2
m3Z′ΓZ′
H(mZ′)s(mZ′)
∫ ∞
0
K1(z)z3 dz ' 34pi
m3Z′ΓZ′
H(mZ′)s(mZ′)
. (A.72)
In this case most of the DM is produced at a late time T ∼ mZ′ . As a result the relic
density is given by the following analytical formula:
Ωχh2 ' mχs0h
2
ρ0c
3
4pi
m3Z′ΓZ′
H(mZ′)s(mZ′)
. (A.73)
.
Production through annihilation of SM particles
Another possibility is to produce Dark Matter particles via processes such as SM(1) + SM(2)→
DM(3) + DM(4). In that case the Boltzmann equation can be written as:
dnχ
dt + 3Hnχ = 2
∫
dΠ1 dΠ2 dΠ3 dΠ4(2pi)4δ(4)(p1 + p2 − p3 − p4)|M|21+2→3+4f eq1 f eq2 ,
(A.74)
where we neglected the backreaction term by using the freeze-in approximation. As-
suming two initial identical SM particles with internal degrees of freedom equals to the
ones of the DM for simplicity and Maxwell-Boltzmann distributions, one can rewrite
the Boltzmann equation as a function of the velocity averaged annihilation cross sec-
tion 〈σv〉3 as:
dnχ
dt + 3Hnχ = 2〈σv〉(n
eq
SM)2 , (A.75)
where neqSM = n
eq
1 = neq2 . We can define the production rate R(T ) as being the RHS of
the Boltzmann equation:
R(T ) ≡ 2〈σv〉(neqSM)2 . (A.76)
The Boltzmann equation can be written as:
Hsx
dYχ
dx = R(x) , (A.77)
with the usual variables x ≡ mχ/T and Yχ ≡ nχ/s. Parametrizing the cross section
as a power law:
〈σv〉 = T
n
M2+n
Θ[T −mχ] , (A.78)
3as defined in Eq. (A.30).
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where M is some mass scale and Θ the Heaviside step function, gives the following:
Hsx
dYχ
dx = m
n+6
χ
x−n
M2+n
(
gi
ζ(3)
pi2
x−3
)2
, (A.79)
where gi are the number of internal degrees of freedom of the initial states, leading to:
dY
dx =
135
√
5
2ζ(3)
2g2iMPlm
n+1
χ
pi7
√
g?g?,sMn+2xn+2
, (A.80)
Integrating this equation 4 from the reheating temperature xRH to some temperature
xF gives:
Yχ(xF ) =
135
√
5
2ζ(3)
2g2im
n+1
χ MPl
pi7
√
g?g?,sMn+2
x
−(n+1)
RH − x−(n+1)F
(n+ 1) , (A.81)
assuming g? and g?,s constant. Since we considered that the production rate vanishes
for temperatures larger than the DM mass, the yield at the present time will be given
by taking xF = 1. Therefore, the relic density can be derived in a straightforward
way:
Ωχh2 =
135
√
5
2h
2s0ζ(3)2g2imn+2χ MPl
ρ0cpi
7√g?g?,sMn+2
x
−(n+1)
RH − 1−(n+1)
(n+ 1) . (A.82)
A.4.2 The preheating contribution
As it was discussed in Sec. 1.2.2, the reheating is not expected to be a instantaneous
process and the physics occuring at temperatures above the reheating temperature
TRH plays a role in the production of Dark Matter. In the following we call the period
of time occuring before the reheating temperature as preheating. Assuming that the
inflaton φmostly decays into SM particles, the evolution of energy densities of radiation
R, Dark Matter X and φ are given by the following set of Boltzmann equations:
dnX
dt = −3H nX − 〈σv〉
[
n2X − (neqX )2
]
,
dρR
dt = −4H ρR + Γφ ρφ + 2〈σv〉〈EX〉
[
n2X − (neqX )2
]
,
dρφ
dt = −3H ρφ − Γφ ρφ . (A.83)
where Γφ denotes the inflaton decay width and 〈σv〉 the DM velocity averaged anni-
hilation cross section. The Hubble parameter can be written:
H2 = 8pi3M2Pl
(ρφ + ρR + ρX) ' 8pi3M2Pl
(ρφ + ρR) . (A.84)
We can write the set of Boltzmann equations using dimensionless variables for conve-
nience:
Φ ≡ ρφT−1RHa3; R ≡ ρRa4; X ≡ nXa3; A ≡ aTRH , (A.85)
4Assuming n 6= 1, otherwise a logarithmic behavior is expected.
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which gives:
dΦ
dA = −
(
pi2g?
30
)1/2
A1/2Φ√
Φ +R/A
,
dR
dA =
(
pi2g?
30
)1/2
A3/2Φ√
Φ +R/A
+
( 3
8pi
)1/2 A−3/22〈σv〉〈EX〉MPl√
Φ +R/A
(X2 −X2eq) ,
dX
dA = −
( 3
8pi
)1/2 A−5/22〈σv〉〈EX〉MPl√
Φ +R/A
(X2 −X2eq) , (A.86)
with TRH defined as follow
ΓΦ =
√
4pi3g?
45
T 2RH
MPl
, (A.87)
where g? denotes the effective number of degrees of freedom of the SM thermal bath
at the reheating temperature. This set of equation can be solved assuming that the
inflaton is the only species present at the initial time tI :
ΦI =
3
8pi
M2PlHI
T 4RH
, RI = 0, XI = 0, AI = 1 , (A.88)
where the condition AI = 1 is arbitrary and will not impact the results. Following [18]
we can infer the following analytical formula assuming a constant Φ ' ΦI during the
reheating process:
T ≡
(
30
pi2g?(T )
)1/4
R1/4
A
TRH . (A.89)
The maximum temperature achieved in the universe can be expressed as a function of
the Hubble parameter at the initial time and the reheating temperature:
Tmax =
(3
8
)2/5 ( 5
pi3
)1/8 1
g
1/4
?
M
1/4
Pl H
1/4
I T
1/2
RH , (A.90)
and the relation between the normalized scale factor and the temperature is given by:
T '
(
9
5pi3g?
)1/8
M
1/4
Pl H
1/4
I T
1/2
RHA
−3/8 , (A.91)
where we considered the effective number of relativistic species as constant g?(T ) ' g?.
An important result is the temperature evolution of the Hubble parameter which is
very specific to this preheating stage of the universe:
H(T ) =
(
5pi3g?
9
)1/2
T 4
T 2RHMPl
≡ HˆT 4 . (A.92)
The Boltzmann equation relevant for DM production in the context of freeze-in can
be simplified by neglecting the backreaction term:
dnX
dt + 3HnX = R(T ) , (A.93)
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where R(T ) = 〈σv〉(neqX )2 is the production rate. Considering the relation a−3/8 ∝ T
and H(T ) = HˆT 4 we can express the time derivative as:
1
dt =
a
daH = −
3Hˆ
8
T 5
dT , (A.94)
Therefore, the Boltzmann equation for the DM number density is give by:
dnX
dT − 8
nX
T
= − 8
3Hˆ
R(T )
T 5
, (A.95)
whose LHS can be written as a total derivative:
d(nXT−8)
dT = −
8
3Hˆ
R(T )
T 13
. (A.96)
This formula shows that the quantity nXT−8 is conserved in absence of interactions and
is not limited to the DM case, it remains valid for any species that does not interact
sufficiently enough with the SM to thermalize. This equation can be integrated in
order to deduce the DM density at a temperature Tα with TRH < Tα < Tmax:
(nXT−8)|max−(nXT−8)|α= −
∫ Tmax
Tα
8
3Hˆ
R(T )
T 13
dT . (A.97)
The first term on the LHS of the initial condition for the DM density vanishes from
the initial condition used to derive the results in the previous section, coming from
the freeze-in hypothesis. Assuming that the rate can be written as a power law and
vanishes when the temperature is lower than the DM mass5
R(T ) = T
n
Λn−4 Θ[T −mX ] , (A.98)
allows for an analytical estimation of the density in the preheating phase. First, if we
assume that the DM is lighter than the reheating temperature:
(nXT−8)|RH=
∫ Tmax
TRH
8
3Hˆ
R(T )
T 13
dT =
∫ Tmax
TRH
8
3Hˆ
T n−13
Λn−4 dT , (A.99)
giving:
nX |RH' 83Hˆ
T 8RH
Λn−4

T n−12max
(n− 12) [n > 12]
ln
(
Tmax
TRH
)
[n = 12]
1
(12− n)
1
T 12−nRH
[n < 12]
(A.100)
assuming Tmax  TRH. Now if we assume that mX > TRH we have:
nX |mX'
8
3Hˆ
m8X
Λn−4

T n−12max
(n− 12) [n > 12]
ln
(
Tmax
mX
)
[n = 12]
1
(12− n)
1
m12−nX
[n < 12]
(A.101)
5In a more realistic description, the rate would not vanish for T < mX but would be exponentially
suppressed due to the high-energy tail of the thermal distribution of the initial states.
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since below mX the rate vanishes the quantity (nXT−8) is conserved during the pre-
heating phase and we can express the density at the reheating temperature as:
nX |RH= nX |mX
T 8RH
m8X
. (A.102)
This formula shows how strongly the DM density is redshifted during the preheating
phase, much stronger than in a radiation-dominated universe. After the reheating, the
universe is dominated by radiation and we can use the usual conservation of the yield
YX ≡ nX/s which lead to:
ΩXh2 = mXYX
s0h
2
ρc0
= mX
nX |RH
sRH
s0h
2
ρc0
= mX
nX |RH
g?TRH3
g?,0T
3
0 h
2
ρc0
. (A.103)
As a result, analytical formulas can be derived in the case where mX < TRH as:
ΩXh2 =
8
3Hˆ
mX
g?
g?,0T
3
0 h
2
ρc0
T 5RH
Λn−4

T n−12max
(n− 12) [n > 12]
ln
(
Tmax
TRH
)
[n = 12]
1
(12− n)
1
T 12−nRH
[n < 12]
(A.104)
If mX > TRH the relic density can be written:
ΩXh2 =
8
3Hˆ
mX
g?
g?,0T
3
0 h
2
ρc0
T 5RH
Λn−4

T n−12max
(n− 12) [n > 12]
ln
(
Tmax
mX
)
[n = 12]
1
(12− n)
1
m12−nX
[n < 12]
(A.105)
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In this section of the appendices we provide some detailed elements related to the
computation of the Chern-Simons couplings considered in this thesis.
B.1 Computation of the abelian Chern-Simons cou-
pling
In this section of the appendix we show how to derive the effective Lagrangian con-
sidered in Chapter 6 from a UV complete model framework. To achieve this goal,
we review computations performed in Ref. [285] of potential anomalous diagrams of
the theory which involve three external gauge bosons or axions, interacting through
a triangular loop of massive fermions. We can classify the possible diagrams in three
categories: (1) diagrams without any mass insertions. Such diagrams are linearly di-
vergent and proportional to the usual anomaly trace [530,531] (see Ref. [532] also for
an overview). (2) Diagrams involving three gauge bosons with two mass insertions
which give a finite result. They are connected to the so-called ”CS” interaction (see,
for example Ref. [285]) and, (3) diagrams involving axions and two gauge bosons with
one mass insertion. Just like the former class of diagrams, these diagrams are also
finite. We will consider examples where the incoming state for the triangle loop di-
agrams with heavy fermions is either a gauge boson Aµi (~k3) or an axion θi while two
outgoing states are two gauge fields, denoted as Aρk(~k2) and Aνj (~k1), respectively. After
evaluating these loop diagrams, we also compute the gauge transformations of the
effective Lagrangian to ensure an anomaly free setup.
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B.1.1 Diagrams with two mass insertions : ”Chern-Simons”
contribution
We initiate our analysis for diagrams having gauge fields in the three external legs
and two mass insertions, which is equivalent to have two chirality flips for each dia-
gram. Thus, we can chose one dominant chirality over the remaining two others in
the fermionic loop and have three possibilities to place the mass insertions for each
dominant chirality. Further, considering the fact that we can contract the external
legs of the outgoing gauge fields in two different ways, we end up with twelve diagrams
as shown in Fig. B.1.
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Figure B.1 – Possible set of diagrams for triangular loops of heavy BSM fermions
giving rise to an effective CS interaction. Here ‘×’ denotes a mass insertion and the
arrows represent the direction of fermion flow. Directions of the momentum, i.e.,
p, p± k1, p∓ k2, etc. are opposite to the fermion flow.
For a systematic analysis we start with the following Lagrangian:
L ⊃ ∑
a=i,j,k
iF¯ ∂µγ
µF −mF¯F −QaLF¯LγµFLAµa −QaRF¯RγµFRAµa , (B.1)
where F = FL + FR are the BSM heavy fermions running in the triangle loops with
QaL, Q
a
R as the relevant gauge charges associated with Aaµ field for the left- and right-
chiral BSM fermions, respectively. We can write contributions of the twelve diagrams
without contractions on any external legs as an integral over the momentum p as:
∫ d4p
(2pi)4 Γ
µνρ(p, k1, k2), (B.2)
where Γµνρ, after integrating out heavy fermionic degrees of freedom, can be expanded
in the powers of external momentums to achieve the low-energy effective Lagrangian.
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The expansion goes as:
Γµνρ(p, k1, k2) ' Γµνρ(p, 0, 0) +
2∑
i=1
kαi
(
∂Γµνρ(p, k1, k2)
∂kαi
)∣∣∣∣∣
ki=0
+ 12!
2∑
i,j=1
kαi k
β
j
∂2Γµνρ(p, k1, k2)
∂kαi ∂k
β
j
∣∣∣∣∣∣
ki,j=0
+O(k3i, j, k). (B.3)
Now from Fig. B.1 it is apparent that Γµνρ(p, k1, k2) can be decomposed as a product
of the two terms, i.e., Γµνρ(p, k1, k2) = Π · TRµνρ where TRµνρ includes possible
couplings and traces over gamma matrices while Π is defined in the following way:
Π = 1
p2 −m2
1
(p+ k2)2 −m2
1
(p− k1)2 −m2 for diagrams like x.1 with x=1,2,...,6,
Π = 1
p2 −m2
1
(p− k2)2 −m2
1
(p+ k1)2 −m2 for diagrams like x.2 with x=1,2,...,6.
(B.4)
The trace in the leading term Γ(p, 0, 0) (see Eq. (B.3)) appears to be proportional to
odd powers of p for the numerator, which vanishes after
∫
d4p integration. The linear
and quadratic terms in kαi can be computed straightforwardly from Eq. (B.3) as:
kαi
(
∂Γµνρ(p, k1, k2)
∂kαi
)∣∣∣∣∣
0
= kαi
(
∂TRµνρ
∂kαi
·Π
)∣∣∣∣∣
0
+ kαi
(
∂Π
∂kαi
·TRµνρ
)∣∣∣∣∣
0
,
kαi k
β
j
∂2Γµνρ(p, k1, k2)
∂kαi ∂k
β
j
∣∣∣∣∣∣
0
= kαi k
β
j
∂2TRµνρ
∂kαi ∂k
β
j
·Π
∣∣∣∣∣∣
=0
+ kαi k
β
J
 ∂2Π
∂kαi ∂k
β
j
·TRµνρ
∣∣∣∣∣∣
0
+ kαi k
β
j
∂TRµνρ
∂kαi
· ∂Π
∂kβj
∣∣∣∣∣∣
0
+ kαi k
β
j
∂TRµνρ
∂kβj
· ∂Π
∂kαi
∣∣∣∣∣∣
0
.
(B.5)
The contributions from denominators Π are shown in Eq. (B.4) while trace contribu-
tions TRµνρ from the twelve diagrams are:
TRµνρ1.1 = QiLQ
j
LQ
k
RTr[(p+m)γ
ρPR(p+k2 +m)γ
µPL(p−k1)γνPL],
TRµνρ1.2 = QiLQ
j
RQ
k
LTr[(p+m)γ
νPR(p+k1 +m)γ
µPL(p−k2)γρPL],
TRµνρ2.1 = QiLQ
j
RQ
k
LTr[(p+m)γ
ρPL(p+k2)γ
µPL(p−k1 +m)γνPR],
TRµνρ2.2 = QiLQ
j
LQ
k
RTr[(p+m)γ
νPL(p+k1)γ
µPL(p−k2 +m)γρPR],
TRµνρ3.1 = QiRQ
j
LQ
k
LTr[p γ
ρPL(p+k2 +m)γ
µPR(p−k1 +m)γνPL],
TRµνρ3.2 = QiRQ
j
LQ
k
LTr[p γ
νPL(p+k1 +m)γ
µPR(p−k2 +m)γρPL],
TRµνρ4.1 = QiRQ
j
RQ
k
LTr[(p+m)γ
ρPL(p+k2 +m)γ
µPR(p−k1)γνPR],
TRµνρ4.2 = QiRQ
j
LQ
k
RTr[(p+m)γ
νPL(p+k1 +m)γ
µPR(p−k2)γρPR],
TRµνρ5.1 = QiRQ
j
LQ
k
RTr[(p+m)γ
ρPR(p+k2)γ
µPR(p−k1 +m)γνPL],
TRµνρ5.2 = QiRQ
j
RQ
k
LTr[(p+m)γ
νPR(p+k1)γ
µPR(p−k2 +m)γρPL],
TRµνρ6.1 = QiLQ
j
RQ
k
RTr[p γ
ρPR(p+k2 +m)γ
µPL(p−k1 +m)γνPR],
TRµνρ6.2 = QiLQ
j
RQ
k
RTr[p γ
νPR(p+k1 +m)γ
µPL(p−k2 +m)γρPR], (B.6)
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where mass insertions are properly taken into account. One can use Eq. (B.5) to
extract contributions from the twelve diagrams shown in Fig. B.1. For example, the
contribution proportional to QiLQ
j
LQ
k
R involving diagrams (1.1) and (2.2), in the linear
terms of Eq. (B.5), gives:∫ d4p
(2pi)4
(
Γµνρ(1.1) + Γ
µνρ
(2.2)
)
= QiLQ
j
LQ
k
R
µνρσ 1
24pi2 (k3 + k1)σ, (B.7)
where we used the known expressions for different momentum integrals over p (see
Ref. [533] for example) and k1 + k2 = k3. In a similar way the contributions from all
the twelve diagrams of Fig. B.1 can be grouped as shown in Table B.1.
Diagrams Contribution to Γµνρ
(1.1)+(2.2) QiLQ
j
LQ
k
R
µνρσ(k3 + k1)σ/(24pi2)
(2.1)+(1.2) −QiLQjRQkLµνρσ(k3 + k2)σ/(24pi2)
(3.1)+(3.2) QiRQ
j
LQ
k
L
µνρσ(k2 − k1)σ/(24pi2)
(4.1)+(5.2) −QiRQjRQkLµνρσ(k3 + k1)σ/(24pi2)
(5.1)+(4.2) QiRQ
j
LQ
k
R
µνρσ(k3 + k2)σ/(24pi2)
(6.1)+(6.2) QiLQ
j
RQ
k
R
µνρσ(k1 − k2)σ/(24pi2)
Table B.1 – Resultant contributions of the twelve diagrams of figure B.1, clubbed
according to the same pre-factor.
From Table B.1, one can factorize the sum of all contributions proportional to the
external momentum k3 as:
∫ d4p
(2pi)4 Γ
µνρ ⊃ 124pi2 
µνρσk3σ(QiLQ
j
LQ
k
R −QiLQjRQkL −QiRQjRQkL +QiRQjLQkR),
⊃ 124pi2 
µνρσk3σ(QiL +QiR)(Q
j
LQ
k
R −QkLQjR). (B.8)
The same factorization can be done for k2 and k1 to produce the following effective
Lagrangian :
LeffCS =
1
96pi2 (Q
k
L +QkR)(QiLQ
j
R −QjLQiR)µνρσAµi AνjF ρσk , (B.9)
where summation over all the possible combinations of the gauge fields is implied.
B.1.2 Diagrams with axions
The diagrams involving an axion field θi include only one mass insertion since vertices
with two fermionic legs and an axion field flips the chirality, as evidenced from the
following Lagrangian:
Laxion = −iyF θiF¯LFR + h.c.−mF¯F = −iyF θiF¯ γ5F −mF¯F, (B.10)
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where yF is the associated Yukawa coupling. For the chosen Lagrangian we have three
possible ways to place a mass insertion on the fermionic propagators and two different
ways to connect the external lines with the vertices, giving a total of six diagrams as
shown in Fig. B.2. Once again, like the CS case (see Eq. (B.2)), we can write the sum
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Figure B.2 – Possible set of diagrams for triangular loops of heavy BSM fermions
with an external axion field. Here ‘×’ denotes a mass insertion and the arrows
represent the direction of fermion flow. Directions of the momentum, i.e.,
p, p± k1, p∓ k2, etc. are opposite to the fermion flow.
over the six diagrams without contractions on the external legs as an integral over the
momentum p as: ∫ d4p
(2pi)4 Γ
νρ(p, k1, k2), (B.11)
where Γνρ(p, k1, k2) is decomposed as Π ·TRνρ with Π as already defined in Eq. (B.4)
and the trace factors TRνρ written as:
TRνρ1.1 = yFQjLQkRTr[γ5(p−k1)γνPL(p+m)γρPR(p+k2)],
TRνρ1.2 = yFQjRQkLTr[γ5(p−k2)γρPL(p+m)γνPR(p+k1)],
TRνρ2.1 = yFQjRQkRTr[γ5(p−k1)γνPR p γρPR(p+k2 +m)],
TRνρ2.2 = yFQjRQkRTr[γ5(p−k2)γρPR p γνPR(p+k1 +m)],
TRνρ3.1 = yFQjLQkLTr[γ5(p−k1 +m)γνPL p γρPL(p+k2)],
TRνρ3.2 = yFQjLQkLTr[γ5(p−k2 +m)γρPL p γνPL(p+k1)], (B.12)
with proper mass insertion. Now if we consider expansion of Γνρ(p, k1, k2) in pow-
ers of the external momentums k1, k2, just like the already studied CS scenario, the
zeroth and linear order terms of the expansion vanish. This happens as the former
is proportional to ki while the latter yields contributions ∝ p and thus, disappears
after performing
∫
d4p over an odd function. The leading contribution thus, comes
from the second order. Considering a CP invariant UV complete theory, we keep only
the CP-odd contribution in Γνρ(p, k1, k2) since axions are CP-odd fields. With this
approach one can compute the detail expressions for all the six diagrams of Fig. B.2,
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for example, for the diagram (3.1) one gets:
∫ d4p
(2pi)4 Γ
νρ
(3.1)(p, k1, k2) = imyFQ
j
LQ
k
L
µνρσk1ρk2σ
∫ d4p
(2pi)4
p2
(p2 −m2)4 ,
= 1
vi
QjLQ
k
L
48pi2 
νραβk1αk2β, (B.13)
where in the last step we have used the known momentum integral as of Ref. [533] as
well as m = yFvi with vi being the VEV of the scalar field giving masses to the BSM
fermions F and the gauge field Aµi . In a similar way the contributions from all the six
diagrams of Fig. B.2 can be evaluated as tabulated in Table B.2. Summing all the six
Diagrams Contribution to Γνρ
(1.1) QjLQkRνραβk1αk2β/(48pi2vi)
(2.1) QjRQkRνραβk1αk2β/(48pi2vi)
(3.1) QjLQkLνραβk1αk2β/(48pi2vi)
(1.2) QjRQkLνραβk1αk2β/(48pi2vi)
(2.2) QjRQkRνραβk1αk2β/(48pi2vi)
(3.2) QjLQkLνραβk1αk2β/(48pi2vi)
Table B.2 – Final contributions of the six diagrams of figure B.2.
contributions from Table B.2 yields :
∫ d4p
(2pi)4 Γ
νρ = 1
vi
1
48pi2 
νραβk1αk2β[2(QjLQkL +Q
j
RQ
k
R) +Q
j
RQ
k
L +Q
j
LQ
k
R],
which finally produce the following effective Lagrangian:
Leffaxion =
1
192pi2 [2(Q
j
LQ
k
L +Q
j
RQ
k
R) +Q
j
RQ
k
L +Q
j
LQ
k
R]µνρσ
θi
vi
F µνj F
ρσ
k , (B.14)
where, once again summation over all the possible combinations of the gauge fields is
implied.
B.1.3 Anomaly cancellation
In the last two subsections we discussed about the three different anomalous contri-
butions, namely, (1) diagrams without any chirality flip which are linearly divergent
and giving contributions proportional to the anomaly traces. (2) Diagrams with one
chirality flip involving an axion field that are finite and, (3) the so-called ”CS” con-
tributions which are finite and invoke two chirality flips. In this subsection we show
that gauge transformation of the effective CS and axion Lagrangians (see Eq. (B.9)
and Eq. (B.14)) is proportional to the “usual” anomaly trace. Hence, a vanishing
anomaly trace, with appropriate distribution of the charges of BSM fermions, assures
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an anomaly free theory construction. Given the following gauge transformations of an
axion field θi and a gauge field Aµi :
θi → θi + vi(QiL −QiR)αi, Aµi → Aµi + ∂µαi, (B.15)
where αi is the parameter of gauge transformation, the variation of the effective CS
Lagrangian (see Eq. (B.9)) becomes:
δLCS = − 1192pi2
[
(QkL+QkR)(QiLQ
j
R−QjLQiR)+(QjL+QjR)(QiLQkR−QkLQiR)
]
µνρσαiF
µν
j F
ρσ
k ,
(B.16)
where we have used the advantages of integrating by parts as well as Bianchi identity
and included all possible combinations of the i, j, k indices. The change in effective
axion Lagrangian (see Eq. (B.14)) is given by:
δLaxion = 1192pi2 [2(Q
j
LQ
k
L+Q
j
RQ
k
R)+Q
j
RQ
k
L+Q
j
LQ
k
R](QiL−QiR)αiµνρσF µνj F ρσk . (B.17)
Combining Eq. (B.16) and Eq. (B.17) the resultant variation, given the transfor-
mations of Eq. (B.15), is written as:
δL = δLaxion + δLCS = 196pi2αi
[
QiLQ
j
LQ
k
L −QiRQjRQkR
]
µνρσF
µν
j F
ρσ
k . (B.18)
It is now apparent from Eq. (B.18) that gauge transformation of the total La-
grangian, i.e., axion and CS Lagrangians is proportional to the “usual” anomaly
trace QiLQ
j
LQ
k
L − QiRQjRQkR. Hence, with proper choice of the charges for the heavy
fermions one can ensure an anomaly free theory setup where the anomaly trace
QiLQ
j
LQ
k
L − QiRQjRQkR vanishes for all i, j, k. Further, when this anomaly trace dis-
appears with proper choice of QiL, QiR, Q
j
L, Q
j
R, Q
k
L and QkR, the combination of the
axion and CS effective Lagrangians (i.e., Eq. (B.9) + Eq. (B.14)) can be embedded
into a dimension-six operator as:
µνρσD
µθiD
νθjF
ρσ
k , (B.19)
where Dµ, Dν are co-variant derivatives for axion fields θi, θj, respectively. One can
always consider the case of unitary gauge when the axion Lagrangian (see Eq. (B.14))
vanishes and the total Lagrangian is simply the CS one, as given by Eq. (B.9). This is
the scenario which we studied in this work. Recasting Eq. (B.9) for the specific case
of U(1)X × U(1)V , as considered in this work, one can generate
L = LeffCS =
1
48pi2 (Q
X
L +QXR )(QXLQVR −QVLQXR )µνρσXµV˜ νXρσ ≡ αCSµνρσXµV˜ νXρσ,
(B.20)
where terms ∝ µνρσV˜ µXνV˜ ρσ is effaced with suitable choice of associated charges and
the parameter αCS is given by
αCS ≡ 148pi2 (Q
X
L +QXR )(QXLQVR −QVLQXR ), (B.21)
which we have already used to derive Eq. (6.64) for the charges given in Table 6.1.
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B.2 Generation of non-abelian Chern-Simons cou-
plings
In this section, we discuss the origin of the generalized CS terms in a concrete VSIMP
model, considered in Sec. 8.5.3, with dark fermions for a UV completion. Furthermore,
we show that the effective CS terms and the general Z ′ −X −X interactions can be
derived from manifestly gauge invariant operators at low energy. Suppose that there
is a set of light fermions charged under SU(2)X × U(1)Z′ such as
l = (2,+1), l˜ = (2,+1), ec = (1,−1), e˜c = (1,−1). (B.22)
along with a heavy dark fermions with opposite U(1)Z′ charges (L, L˜, Ec, E˜c) that
cancel the anomalies. With dark Higgs fields of charges Φ = (2, 0) and S = (1,−2) ,
then SU(2) vector-like and chiral masses from terms
S l l˜ + S∗ec e˜c + Φ l ec + Φ˜ l˜ e˜c (B.23)
where Φ˜ = iτ 2Φ∗, are generated after SU(2)X ×U(1)Z′ spontaneous symmetry break-
ing1.
When integrating out the light fermions, the non-decoupling portion of the one-loop
triangle diagrams gives an effective CS term
LCS,EFT = NfgZ′αX4pi
m2X
m2f
µνρσZ ′µ ~Xν · (∂ρ ~Xσ − ∂σ ~Xρ), (B.24)
where Nf being the number and mass of light fermion generations of mass, mf .
For instance, for αX = 1(4), Nf = 4(1), gZ′ ∼ 0.3− 3, and mf ∼ 4mX − 10mX , we
find the coefficient of the operator of Eq. (8.24), c1 ' 0.01. Therefore, for mf & mX ,
we can avoid additional 2 → 2 annihilations of vector Dark Matter into light dark
fermions, such as XX → ff¯ , and a sizable CS term required for kinetic equilibrium
can be consistently realized.
Notice here that the values of c1 & 10−2 required for achieving the correct relic
density in this setup imply a large multiplicity of the dark fermions or sizable gauge
couplings which might drive the theory toward its non perturbative regime or the
unstability of the dark higgs potential vacuum for energies of the order of the GeV
scale. One could invoke more elaborate mechanisms in order to solve this potential
issues but those are beyond the phenomenological considerations of this work.
If one considers only the light fermions l = (2,+1), ec = (1,−1) and their heavy
partners for anomaly cancellation, then are only chiral fermion masses due to the
SU(2)X breaking. In this case, the needed CS terms are not generated. Instead, a
nonzero dimension-6 interaction
LD6 = c3
M2
µµρσ∂λZ ′µν(X1,ρσX2,λ −X2,ρσX1,λ). (B.25)
1The SU(2)X gauge bosons masses are degenerate at tree level and receive small loop corrections
due to the mass splitting between the members of each doublet fermion, that is proportional to chiral
fermion mass. If the mass splitting between SU(2)X gauge bosons is smaller than 10% of DM mass,
all the SIMP processes are still active and dominant and the vector dark matter remains stable for
heavy fermions. One can check explicitly in the example with vector-like dark fermions that there is
no X3 − Z ′ mixing generated at loop level, so there is no issue of Dark Matter instability.
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appears, which can also be sufficient for equilibrating the two sectors
Similarly, the effective dimension-6 operator in Eq. (B.25) can be derived from
another gauge invariant dimension-8 operator,
LD8 = 1
M4
µνρσ(Φ†XµνDλΦ)∂λZ ′ρσ. (B.26)
Then, in both cases with dimension-6 and dimension-8 operators, after the SU(2)X
is broken by the VEV of the scalar doublet Φ, the needed Z ′XX interactions are
generated.
The effective approach considered in this work would be valid only for processes
involving energies below the lightest dark fermion mass. Our approach is then justified
for the DM freeze-out process which occurs when the DM becomes non-relativistic (i.e.
for processes occuring at energies ∼ mX  mf ) and the dark fermions have already
decoupled for the thermal bath. However, considering the invisible decay of the Z
boson leads the effective approach to fail and one has to consider the complete dark
fermions degrees of freedom in the computation.
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In this part of the appendices, we provide analytical expressions of the amplitude
squared, partial decay widths as well as rates relevant for the spin-2 portal model.
C.1 Decay rate of the massive spin-2
The decay modes of the spin-2 state are
Γh˜→ϕϕ = Nϕ
g2ϕ
960pi
m3
h˜
Λ2 (1− 4rϕ)
5/2 , (C.1)
Γh˜→ψψ = Nψ
g2ψ
160pi
m3
h˜
Λ2
(
1 + 83rψ
)
(1− 4rψ)3/2 , (C.2)
and
Γh˜→V V = NV
g2V
960pi
m3
h˜
Λ2 (13 + 56rV + 48r
2
V )(1− 4rV )1/2 , (C.3)
where ri ≡ m2i /m2h˜. The total decay width of the massive spin-2 to SM state is given
by:
Γh˜→SM = 4Γh˜→ϕϕ + 45Γh˜→ψψ + 12Γh˜→V V =
43g2SMm3h˜
96piΛ2 . (C.4)
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C.2 Amplitudes and production rates
C.2.1 Scalar Dark Matter
The amplitudes involving a scalar Dark Matter and massless spin-2 mediator (graviton)
are:
|M0|2hµν=
1
16M4P
t2(s+ t)2
s2
, (C.5)
|M1/2|2hµν=
1
32M4P
(−t(s+ t))(s+ 2t)2
s2
, (C.6)
|M1|2hµν=
1
8M4P
t2(s+ t)2
s2
. (C.7)
The corresponding amplitudes assuming a massive spin-2 propagator are:
|M0|2h˜µν=
g2DMg
2
SM
36Λ4
[6t(s+ t) + s2]2
(s−m2
h˜
)2 + Γ2
h˜
m2
h˜
, (C.8)
|M1/2|2h˜µν=
g2DMg
2
SM
2Λ4
(−t(s+ t))(s+ 2t)2
(s−m2
h˜
)2 +m2
h˜
Γ2
h˜
, (C.9)
|M1|2h˜µν=
2g2DMg2SM
Λ4
t2(s+ t)2
(s−m2
h˜
)2 +m2
h˜
Γ2
h˜
. (C.10)
From these amplitudes, the rate in the graviton domination regime is given by:
R0hµν (T ) =
3997pi3
663552000
T 8
M4P
≡ α T
8
M4P
. (C.11)
In the case where the massive spin-2 state is exchanged, we can distinguish three
regimes, depending on the relative value of mh˜ with respect to typical exchanged
momentum ∼ T
R0h˜µν
∣∣∣
mh˜T
= g
2
DMg
2
SM11351pi3
124416000
T 8
Λ4 ≡ β1
T 8
Λ4 ,
(C.12)
R0h˜µν
∣∣∣
mh˜∼T
= g
2
DMg
2
SM209
184320pi4
m8
h˜
Λ4
T
Γh˜
K1
(mh˜
T
)
≡ g2DMg2SMβ2
m8
h˜
Λ4
T
Γh˜
K1
(mh˜
T
)
= 160piβ2(g2DM/6 + 215g2SM/3)
m5
h˜
T
Λ2 K1
(mh˜
T
)
,
(C.13)
R0h˜µν
∣∣∣
mh˜T
= g
2
DMg
2
SM205511pi7
57153600
T 12
Λ4m4
h˜
≡ g2DMg2SMβ3
T 12
Λ4m4
h˜
. (C.14)
In the last line of Eq. (C.13), we expressed the width Γh˜ using Eq. (C.4). The values
of α, β1, β2 and β3 are collected in Table C.1 which also includes the corresponding
coefficients for fermionic and vectorial Dark Matter.
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C.2.2 Fermionic Dark Matter
|M0|2hµν=
(−t(s+ t))(s+ 2t)2
32M4P s2
, (C.15)
|M1/2|2hµν=
s4 + 10s3t+ 42s2t2 + 64st3 + 32t4
128M4P s2
, (C.16)
|M1|2hµν=
(−t(s+ t))(s2 + 2t(s+ t))
8M4P s2
, (C.17)
|M0|2h˜µν=
g2DMg
2
SM
2Λ4
(−t(s+ t))(s+ 2t)2
(s−m2
h˜
)2 +m2
h˜
Γ2
h˜
, (C.18)
|M1/2|2h˜µν=
g2DMg
2
SM
8Λ4
s4 + 10s3t+ 42s2t2 + 64st3 + 32t4
(s−m2
h˜
)2 +m2
h˜
Γ2
h˜
, (C.19)
|M1|2h˜µν=
2g2DMg2SM
Λ4
(−t(s+ t))(s2 + 2t(s+ t))
(s−m2
h˜
)2 +m2
h˜
Γ2
h˜
. (C.20)
The corresponding rates are:
R
1/2
hµν
= 11351pi
3
331776000
T 8
M4P
, (C.21)
R
1/2
h˜µν
∣∣∣
mh˜T
= g
2
DMg
2
SM11351pi3
20736000
T 8
Λ4 , (C.22)
R
1/2
h˜µν
∣∣∣
mh˜∼T
= g
2
DMg
2
SM209
30720pi4
m8
h˜
Λ4
T
Γh˜
K1
(mh˜
T
)
, (C.23)
R
1/2
h˜µν
∣∣∣
mh˜T
= g
2
DMg
2
SM205511pi7
9525600
T 12
Λ4m4
h˜
. (C.24)
C.2.3 Vectorial Dark Matter
|M0|2hµν=
3t2(s+ t)2
16M4P s2
, (C.25)
|M1/2|2hµν=
(−t(s+ t))(5s2 + 12t(s+ t))
32M4P s2
, (C.26)
|M1|2hµν=
(s2 + t(s+ t))(s2 + 3t(s+ t))
8M4P s2
, (C.27)
|M0|2h˜µν=
g2DMg
2
SM
36Λ4
s4 + 12s3t+ 120s2t2 + 216st3 + 108t4
(s−m2
h˜
)2 +m2
h˜
Γ2
h˜
, (C.28)
|M1/2|2h˜µν=
g2DMg
2
SM
2Λ4
(−t(s+ t))(5s2 + 12t(s+ t))
(s−m2
h˜
)2 +m2
h˜
Γ2
h˜
, (C.29)
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|M1|2h˜µν=
2g2DMg2SM
Λ4
(s2 + t(s+ t))(s2 + 3t(s+ t))
(s−m2
h˜
)2 +m2
h˜
Γ2
h˜
. (C.30)
The corresponding rates are:
R1hµν =
5489pi3
73728000
T 8
M4P
, (C.31)
R1h˜µν
∣∣∣
mh˜T
= g
2
DMg
2
SM147563pi3
124416000
T 8
Λ4 , (C.32)
R1h˜µν
∣∣∣
mh˜∼T
= g
2
DMg
2
SM2717
184320pi4
m8
h˜
Λ4
T
Γh˜
K1
(mh˜
T
)
, (C.33)
R1h˜µν
∣∣∣
mh˜T
= g
2
DMg
2
SM2671643pi7
57153600
T 12
Λ4m4
h˜
. (C.34)
Spin α β1 β2 β3
0 1.9× 10−4 2.8× 10−3 1.2× 10−5 10.9
1/2 1.1× 10−3 1.7× 10−2 7.0× 10−5 65.2
1 2.3× 10−3 3.7× 10−2 1.5× 10−4 141
Table C.1 – Numerical values of the coupling coefficients depending on the Dark
Matter spin.
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